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Abstract

Virion Infectivity Factor (Vif) protein of human immunodeficiency virus type I

(HIV-l) is essential for the productive viral infection of primary human CD4 T

lymphocytes and macrophages. Recently, it has been reported that Vif overcomes

the HlV-inhibitory effects of the cellular factor CEMI5/APOBEC3G, which has

cytidine deaminase activity. Using the yeast two-hybrid system, our laboratory

previously reported the identification of a Vif-interacting ring finger protein called

Triad 3 (renamed Triad 3au in this study), ftom a human leukocyte oDNA library.

The full-length cellular protein homologue of Triad 3 has been recently identified as

the zinc finger protein inhibiting NFkB (ZIN). In this study, biological characteristics

of Triad 3au/ZIN were investigated. Sequence analysis indicated that Triad 3au

protein contains all 4 major ring-like motifs of ZIN. RNA was extracted from A3.01

cells and RT PCR was then performed using the ZIN gene specific primers. A single

product of 1,464 bps was obtained and subsequently confirmed as the full-length

coding region of ZIN by sequence analysis. GST fusion protein pull-down

experiments confirmed that overexpressed ZIN binds to purified Yif in vitro

suggesting a direct interaction between ZIN and Vif. Next, in studies of co-

transfected human 293T cells, Triad 3ar.r/ZIN and Vif were shown to interact using

co-immunoprecipitation and confocal microscopy demonstrated co-localisation of

Triad 3au and Vif in cytoplasm and membrane while co-localisation of ZIN and Vif

in nuclei.

To test the biological relevance of the Vif-ZIN interaction, infectious HIV-I NL4.3

virus stocks were produced in 293T cells expressing Flag tagged ZIN or Flag tag

VI



alone from transfected plasmids. The virus stocks produced in the presence of

exogenously expressed ZIN were less infectious in both single-cycle infectivity assay

and end-point titration compared with virus produced in the absence of exogenous

ZIN. Real Time PCR analyses showed that cells infected with HIV NL4.3 virus

stocks produced in the presence of exogenously expressed ZIN, showed reduced

levels of early viral DNA synthesis. This reduction in viral reverse transcription and

the reduction in single-cycle viral infectivity were shown to be dependent on the

presence of Vif in the virus producer cells. The possible mechanisms by which

presence of ZIN in producer cells reduces HIV-1 reverse transcription and replication

in target cells are discussed.
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Cha ter 1

Introduction

1. L Historical background of HIV/AIDS

Debate regarding the origin of AIDS has caused considerable interest and

controversy since the beginning of the epidemic. There is now clear evidence that the

human disease AIDS is caused by the virus termed human immunodeficiency virus

(HIV), probably the descendant of an ancient simian immunodeficiency virus (SIV).

SIV strains share close sequence homology with both HIV-I and HIV-2' For

example, HIV-2 is almost identical to a simian immunodeficiency virus found in the

sooty mangabey monkey (SIVsm), also known as the green monkey, which is

indigenous to western Africa (Hirsch et a1.,1989).

A lentivirus was previously identified in two wild chimpanzees in Gabon, west

equatorial Africa. This virus is referred to as SIVçpz. Sera from these animals cross-

reacted with all the HIV-I proteins including the envelope glycoproteins. Huet et al

described the molecular cloning and sequencing of an infectious proviral clone of

SIVcpz. The overall genetic organization was shown to be the same as that of HIV-I,

but phylogenetic analysis revealed that the sequence was more divergent than any

human HIV-I sequence reported so far (Huet et al., 1990). Consistent research

results were reported by other groups (Janssens et al., 1994, Vanden Haesevelde et

al., 1996). Vanden Haesevelde isolated another HlV-l-related virus, SIVcpz-ANT,

from a wild captured chimpanzee originating from Zaire (Yanden Haesevelde et al.,

1996).In February 1999, researchers from the University of Alabama found that a



simian virus called SIVcpzUS isolated from frozen tissue of a chimpanzee common

in central Africa was almost identical to human HIV-I by sequence analyses (Gao et

al., 1999).It was claimed that these chimpanzees were the source of HIV-1 and that

the virus had, at some point, crossed species from chimpanzee to human. While this

proposal is generally accepted, the precise details remain unclear.

Three of the earliest known instances of human HIV infection have been identihed in

samples dated from 1959 to 1976:1. Antibody to HIV-I was detected in a plasma

sample taken in 1959 from an adult male living in what is now the Democratic

Republic of Congo. 2. HIV was found in tissue samples from an African-American

teenager who died in St. Louis in 1969. 3. Finally, HIV was found in tissue samples

from a Norwegian sailor who died around 1976. These findings suggested that HIV

was introduced into humans earlier, perhaps around the 1940s or the early 1950s- In

fact computer modeling of HIV evolution by Dr. Bette Korber of the Los Alamos

National Laboratory estimated that the first case of HIV infection probably occurred

around 1930 in West Africa (Korber eta1.,2000).

The first official case of AIDS was announced in the United States in 1981. Medical

practitioners found arare form of a relatively benign cancer called Kaposi's Sarcoma

in several males. These patients also presented with pneumonia caused by

Pneumocystis corinii, a condition normally only seen in individuals who were

immunosuppressed. The Centers for Disease Control of the U.S. Public Health

Service (CDC) named this new disease, Acquired Immune Deficiency Syndrome, or

AIDS"
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People afflicted with AIDS shared similar lifestyles including sexual behavior and

intravenous drug use. These led researchers to suspect that the aetiological agent of

AIDS was transmitted by body fluids, which was supported by the occurrence of

AIDS cases amongst blood transfusion recipients. In 1983, Chermann and Barre-

Sinoussi isolated a virus from the lymph node of patients with AIDS (Barre-Sinoussi

et al., 1983, Chermann et al., 1983), which was subsequently termed Fluman

Immunodeficiency Virus, or HIV. By 1984, an Enzyme Linked Immunosorbent

Assay (ELISA) for the diagnosis of HIV infection was developed. By 1985, two

independent groups reported the complete nucleotide sequence of HIV (Ratner et al.,

1985, Wain-Hobson et al., 1985).

A number of factors have contributed to spread of the AIDS epidemic including use

of unscreened blood transfusions, patterns of sexual behavior and intravenous drug

use, of which the latter two continue to be a problem, particularly in less developed

countries. According to December 2003 Figures from the Joint United Nations

Programme on HIV/AIDS (UNAIDS) and the World Health Organization (WHO),

the estimated number of adult and child deaths from HIV/AIDS during 2003 was

2.5-3.5 million (Figurel.l). Worldwide 4.2-5.8 million men, women and children

were newly infected with HIV in 2003 (Figurel .2),that is, about 14,000 infections

each day, and nearly 50 percent \ryere among females. More than 95 percent of these

new infections occurred in developing countries (UNAIDS. AIDS Epidemic Update.

December.2003).
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Figure 1.1 Estimated number of deaths from HIV/AIDS in 2003

Global distribution and estimated numbers of adult and child deaths from HIV/AIDS

in 2003 are presented. Numbers are estimated by UNAIDS and WHO

Adapted from http ://www.unaids. org/EN/other/functionalities/Search. asp
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Figure 1.2 Estimated number of new HIV infections in 2003

Global distribution and estimated numbers of adults and children newly infected with

HIV in 2003 are presented. Numbers are estimated by UNAIDS and WHO

Adapted from http ://www.unaids. org/EN/other/functionalities/Search. asp
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1.2 Overview of human immunodeficiency virus

1.2.1 Classifïcation of HIV

Early electron microscope analysis of viral particles released from infected cell

cultures revealed enveloped virions approximately 100 to 120 nm in size and of

similar morphology to previously described retroviruses. The subsequent finding that

HIV-l possessed particle-associated reverse transcriptase further identified the virus

as a member of the retrovirus family. The virus was assigned to the lentivirus genus

on the basis of its distinctive corn shaped core, typical genome organisation

including the presence of accessory proteins, and its chronic progressive course of

infection.

Mature HIV-1 particles contain a cylindrical or conical core or nucleoid reminiscent

of that previously described for visna virus (Gonda et al., 1985). Cloning and

sequencing of proviral DNA purified from productively infected T-lymphocytes and

T-cell leukemia cell lines, indicated that HIV-I possessed a genomic organisation

comparable with of the Retroviridae virus family (Ratner et a1., 1985, Wain-Hobson

et al., 1985). HIV-2 is a second sub-type of human immunodeficiency virus, which

differs from HIV-1 in the nature of one of its accessory genes, namely vpx in HIV-2

and vpu in HIV-I (Figurel .4). HIV-2 infection also tends to progress less rapidly,

and the virus is more closely related to the simian immunodeficiency virus of sooty

mangabeys (SIVsm). In 1992, Coffin proposed a new classihcation of retroviruses

into seven genera based on nucleotide and amino acid sequence similarities as well

as virion structures (Coffin, 1992). (see table 1.1)

4



Table L.L

Genera

Avian C-type

Mammalian B-type

Mammalian C-type

Mammalian D-type

Human T-cell Leukaemia./Lymphotropic
Virus& Bovine leukaemia virus
Spumavirus

Lentivirus

Classification of Retroviruses Proposed by CoffTn in 1992

Type Species

Avian leukosis virus, Rous sarcoma virus

Mouse mammary tumour virus

Moloney murine leukaemia virus, Spleen necrosis virus

Mason-Pfizer monkey virus

HTLV & BLV

Simian foamy virus

Human immunodeficiency virus 1& 2, Visna virus, Equine infectious anaemia virus

Adapted from (Coffin et al, 1992)



1.2.2 HIV virion structure

Electron microscopy suggests that many viruses are roughly spherical. A detailed

examination shows that they are actually icosahedral. HIV contains a lipid envelope

surrounding the icosahedral protein shell comprising individual matrix protein (MA,

p17), within which is a cone-shaped core composed of capsid protein (CA, p24)

containing two identical copies of viral genomic RNA and the viral encoded protein,

reverse transcriptase (RT). The viral RNA genome is a positive sense, single-

stranded RNA molecule approximately 9,200 nucleotides long. The two molecules

are non-covalently associated with each other within the virion to form a genomic

RNA dimer. Also within the capsid are the viral encoded enzymes integrase (IN) and

protease (PR), the viral protein Vpr, and other macromolecules derived from the cell

including tRNAtv'3, which serves as a primer for the reverse transcription. Inserted in

the virus envelope is the transmembrane glycoprotein (gp41), coupled noncovalently

with a protruding surface envelope glycoprotein (gp120). The function of the

envelope proteins is to enable HIV to attach and fuse with a target cell (Figurel.3).

1.2.3 Genetic organization of HIV

The genomes of prototypical retroviruses such as avian leukosis virus (ALV) and

murine leukemia virus (MuLV) contain only three genes encoding the structural

proteins gag (group-specific antigen), pol (polymerase) and env (envelope) proteins.

In addition to gag, env and pol genes shared by all retrovirus, the HIV-I genome

encodes an additional six genes; nef, rev, tat, vif, vpr and vpu, which have accessory

or regulatory functions (Figurel.4). The single-stranded (+) sense RNA genome is

converted into double-stranded DNA by a process called reverse transcription

(RTN). A short repeat sequence termed "R" forms a direct repeat at both ends of the

5



Figure 1.3 Structural model of the HIV-I virion

Structure and composition of the HIV-I virion indicated proposed location of viral

proteins, RNA and components.
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Figure 1.4 Organizøtion of the HIV-I genome

Relative size and position of viral genes are indicated using open boxes. Proviral

genome contains 2longterminal repeats (LTR) flanking the 5' and 3'termini of the

viral RNA genome, represented by a continuous horizontal line.
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RNA genome. Inside this, U5 and U3 form unique non-coding regions located at the

5'and 3'ends of the genome respectively (Figurel.4). Located just downstream of

U5 is a primer binding site (PBS) that is complementary to the 3' end of a specif,rc

tRNA primer used by the virus to initiate reverse transcription. There is a conserved

polypurine tract (PPT) just upstream of U3, and in addition, the HIV-I genome is

unique amongst retroviruses in having a central PPT. The PPT RNA sequences are

protected from degradation by the RNase H activity of RT, therefore providing a

primer for initiating (+) strand viral DNA synthesis during reverse transcription

(Figurel.4). The product of reverse transcription is a double-stranded DNA molecule

slightly longer than the RNA genomic template in that it contains a second U3 at the

5' end and a second U5 at the 3' end" Thus each end of the molecule consists of

U3RU5, a regulation sequence termed the long terminal repeat (LTR). (Figurel.4).

1.2.4 HIV replication cycle

HIV predominantly infects T lymphocytes and macrophages, which express CD4 on

their surface. Surface viral protein gp120 binds the CD4 receptor resulting in virus

attachment (Smith eI al., 1987,'Weiss et aI., 1988). More recently, specific co-

receptors were identihed to be required for virus entry (Alkhatib et a1.,1996, Choe et

al., 1996, Wu et al., 1996). Following virus entry the RNA genome is reverse

transcribed in cytoplasm of the host cell. Newly synthesised viral DNA then localizes

to the host cell nucleus where it is integrated into the cell chromosome.

Transcription of viral DNA into messenger RNA by cellular machinery results in an

early and late stage of viral protein expression, regulated by viral proteins Tat and

Rev. Final expression of late stage structural viral proteins results in assembly of new

6



progeny virus. Details of the stepwise HIV-I replication cycle are illustrated in

Figurel.5 and described below.

1.2.4.\ Viral attachment and viral fusion

Human CD4+ lymphocytes, macrophages, microglial, dendritic and Langerhans

cells, are the natural targets for HIV-I infection. Generally HIV begins its infection

of a susceptible host cell by binding to the CD4+ receptor on the host cells, and then

to a co-receptor (Alkhatib et al., 1996, Choe et al., 1996,'Wu et al., 1996). CD4

binding follows less specific, adhesion factor-mediated interactions with the cell

surface that increase the localized concentration of virions (Mondor et aI., 1998).

Binding of the HIVgpl20 envelope glycoprotein to CD4 induces conformational

changes in gp120 that create or expose a binding site for a co-receptor (Trkola et al.,

1996" 'Wu et al., 1996). HIV-I co-receptors are transmembrane G-coupled proteins

belonging to the B-chemokine receptor family. They act together with the CD4

molecule to allow HIV-I entry into the cell. CXCR4 and CCR5 are two typical

representatives of this chemokine receptor family, which have been implicated in

HIV-I infection. Once available, the co-receptor binding site interacts with a

complex, discontinuous region of the co-receptor that involves, but is not limited to

the amino-terminal domain (Doranz etal., 1997,Dtagic et al., 1998, Rucker et al.,

1996). The association of gpI20 with CCR5 or CXCR4 then drives additional

conformational changes within the entire trimeric gpl2}lgp4l complex leading to the

insertion of the gp41 fusion peptide into the host oell membrane, provoking fusion

and entry (Kwong et al., 2000). Uncovering the progress how HIV fuses with cell has

opened up the possibilities for antiviral drugs development (Deen et al., 1988).

Although the predominant cell types infected in vivo are T lymphocytes and

macrophages which require a high affinity interaction between the trimeric gpl20

7



Fig 1.5 Essential Steps in the HIV-I Life Cycle

HIV-I attachment to cells is mediated by viral glycoprotein gp120 and cellular CD4

surface protein receptor. The viral RNA genome then enters the cytoplasm as part of a

nucleoprotein complex and is reverse-transcribed into double stranded DNA. Linear

double stranded viral DNA is targeted to the cell nucleus as part of a preintegration

complex. In the nucleus, unintegrated viral DNA is found in both linear and circular

forms. Viral DNA is integrated into the host cell chromosome and serves as a

template for viral transcription. Transcription of the proviral DNA template and

alternative mRNA splicing create spliced viral mRNA species encoding the regulatory

proteins Tat, Rev, and Nef and accessory proteins, and the unspliced viral mRNA

encoding the viral structural proteins. All the proteins finally assemble together with

genomic viral RNA into virus particles leading to budding and release of infectious

retroviral particles from the cell.

Adapted from Furtado et a1.(1999)



M¡ture
Rstravir¡l
p¡rticle

Fenekttlon

T¡r

I
aa

a
a

Bu<lcling

Cyloplarm

/\t\J\-Jt iU ReverE€

Ûî.rrr,!r.'ùf iJ.\tl] tra nsc riptio n



protein complex embedded within the virion envelope and the CD4 receptor present

on the target cell surface, various other cell types including CD8+/CD4- T

lymphocytes, microglial, dendritic and langerhans cells have also been shown to

contain HIV-I and support virus replication to varying degrees (Kawamura et al.,

200I, Peterson et al., 2004" Saha et al., 200I) . However, the specific receptors

mediating virus entry in these cell types are largely uncharacterised and may include

C-type lectins (de Parseval et al., 2004) or phospholipids expressed by host cells or

cell surface proteins present on the envelope membrane of primary HIV-I isolates

acquired as viruses exit infected cells (Callahan eI aI',2003).

1.2.4.2 Reverse transcription

Following the fusion between the virus and cell membrane, the viral nucleocapsid is

released into the cytoplasm. The matrix rapidly dissociates releasing the viral core

into the cytoplasm, which then also disintegrates by disassembly of CA core proteins

exposing a viral nucleoprotein complex. What triggers these sequential steps leading

to a productive replication pathway is not clear. V/ithin an exposed nucleoprotein

complex genomic RNA is reverse transcribed into dsDNA by the viral encoded

reverse transcriptase, RT (see 1.2.3). The accepted model for reverse transcription

involves: 1. Binding of host-derived tRNAlv' to the viral RNA Primer Binding Site

(PBS), after which transcription extends from the tRNAlv'to produce minus-strand

strong-stop DNA containing R-U5-PBS regions. 2. The RNase H domain of RT

degrades the template RNA molecule as the DNA copy is synthesised. 3. Strand

transfer of single-stranded minus strong-stop DNA to the complementary R

sequence located at 3' end of the viral genome. 4. Minus-strand cDNA synthesis,

accompanied by RNase H degradation of the entire RNA genomic template except

for PPTs RNA sequences. 5. The PPT RNA sequences serve as primers to initiate

8



plus-strand DNA synthesis. 6. Finally, plus-strand strong-stop DNA encoding the

U3- R-U5-PBS region is displaced and re-anneals to the complementary 5' R-U5-

PBS sequence permitting extension of both minus and plus strands to generate the

double strand DNA including two duplicated U3-R-U5 (Long Terminal Repeat,

LTR) regions (Figurel.6).

As described above, reverse transcription of HIV involves two processes, initiation

and subsequent elongation reaction. Recent studies show that these processes are

highly regulated. This might lead to a difference at the rate of initiation and

elongation reaction. Both processes are carried out by a reverse transcription

complex composed of (at least) heterodimeric RT, cellular tRNA0v'3) and HIV-I

genomic RNA. A number of viral factors, including Tat (Apolloni et al., 2003), Nef,

Vif, Vpr, IN and NCpT (Hanich & Hooker, 2002), the RNA stem-loop structure

TAR, and cellular proteins participate in the RTN complex to play various roles in

the initiation and elongation of the reverse transcription reaction. RT lacks

proofreading 3'-5'exonuclease activity and therefore reverse transcription results in a

high error rate estimated at I in 104 nucleotide incorporated. This facilitates the

emergence of drug resistant HIV-I strains during anti-viral treatment. RT is a major

target for current drug therapy of HIV infection (Mitsuya & Broder, 1987), and

understanding the mechanism of reverse transcription will likely lead additional

novel antiretroviral approaches.

1.2.4.3 Viral DNA integration

Retroviral integration, in which newly reverse-transcribed viral DNA is inserted into

the host cell chromosome, is essential for productive infection (Englund at aL,1995,

Sakai et al., I993a, Stevenson et al., 1990). Once the genetic material of FIIV has

9



Figure 1.6 A reverse transuiption modelfor HIV

A. The primer for initiation of O strand viral DNA s¡mthesis is a cellular tRNA

bound to the 5' terminal primer-binding site (PBS) of virion RNA. Reverse

transcriptase (RT) elongates the O strand synthesising minus strand strong-stop

DNA, while degrading the RNA template by an RNase H activity.

B. Strand transfer of ssDNA to the 3' termini of the viral genome, forming a duplex

with the complementary R sequence.

C-D. RT continues to elongate the O strand and degrades (+) strand RNA by RNase

H activity except for stable polypurine tract (PPT) sequences in the viral RNA.

PPT duplexed RNA initiates (+) strand DNA synthesis by RT. (-) strand DNA is

completed

E. (+) Strand strong-stop DNA displaced from the 3' PPT transfers and hybridizes to

the 5' complementary RU5 PBS sequence.

F. Both complementary DNA strands are completed by RT

Modified from Li et a1.(1993)
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been reverse transcribed into DNA, the HIV preintegration complex composed of

both viral and cellular proteins closely associated with viral DNA is transported into

the cell nucleus where it can be integrated into cellular chromosome. To achieve this,

the double stranded linear HIV DNA molecule undergoes specific processing: 1)

Removal of a dinucleotide from the 3' termini of the linear viral DNA molecule. 2)

Covalent linkage of the 3' viral DNA termini with precleaved host cellular DNA and

3) Trimming of 5'- ends of the viral DNA and ligation with the host cell DNA. This

process is controlled by the action of the HIV viral integrase. Onoe the viral DNA is

integrated into the host cell chromosome, the HIV genetic material is implanted

permanently within the cell, but may or may not be expressed or HIV may persist in

a latent state for many years. This ability of HIV to persist latently in cells is a major

barrier to complete eradieation of HIV in patients. Considering the essential role IN

has in establishing a HIV infection, HIV integrase has been a more recent target for

HIV drug treatment (Farnet & Bushman, 1996, Hong et a1., 1997). This will be

discussed in the latter part of this chapter.

1.2.4.4 Transcription and translation

HIV-1 requires transcription of its provirus genome for completion of the replication

cycle and production of progeny virions. Transcription from the HIV genome

requires the 5' long terminal repeat which contains the viral promoter, and

involvement of the virus encoded regulatory proteins, Tat and Rev. The process is

also dependent on cellular proteins and therefore regulated by the metabolic state of

the cell. Details deseribing transcription are presented in section 1,.2.5.2.

Synthesised mRNA is spliced and transported to the cell cytoplasm for protein

synthesis in a highly regulated manner. Multiple splicing patterns result in the
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production of more than 30 distinct viral RNA species, classified in three marn

groups: 1) fully spliced; 2) singly spliced and 3) unspliced. Completed spliced

transcripts predominate early in infection and encode the viral regulatory proteins

Tat, Rev and Nef. Singly spliced and unspliced viral RNAs encoding viral structural

proteins and new viral genomes respectively appear "lale" in the viral replication

cycle. A detailed review of RNA translation is described inl.2.6

1.2.4.5 Assembly of virus and viral budding

HIV particles assemble at the cell plasma membrane and are released by budding

from the cell surface. Assembly is controlled primarily by the Gag protein, which

recruits all the building blocks required for the formation of a fully infectious virion.

In the case of HIV this includes both viral and cellular components. Assembly is

dependent on the action of (1) an aspartyl protease encoded by the viral pol gene,

which is responsible for cleavage of the gag and gag-pol precursors into mature

proteins (Kohl et al., 1988, Peng et al., 1989) and (2) cellular N-protein myristoyl

transferase (NMT) which adds myristic acid to the N-terminus of Gag, Gag-pol and

Nef viral polyprotein precursors (Gottlinger et al., 1989). By virtue of the N-terminal

myristoylation reaction, polyproteins are imported into the endoplasmic reticulum

(ER) and targeted to the cell membrane (Hermida-Matsumoto & Resh, 2000,

Shiraishi et al., 2001). The assembly of these structural polyproteins at the cell

surface and association with two strands of unspliced viral RNA allows formation of

a core precursor structure. Gag is considered to provide the principal driving force

for virus assembly, as illustrated by the fact that HIV Gag can efficiently form virus-

like particles even when expressed in the absence of other viral proteins (Gheysen et
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al.,1989, Harvey et al., 2003). A Gag cleavage product p6 plays an important role in

virion budding and release (for details refer to section L.2.6).

1.2.5 HIV gene expression

The HIV genome contains 9 genes, three of which, tat, rev and nef, are classilted as

"early" and are expressed independently of the Rev action; and six of which are

classified as "late" genes (Pandori et a1.,1996, Schwartz et al.,I995a) gag, pol, env,

vpr, vpu and vif, and require Rev for their expression in the cytoplasm. Regulation of

viral gene expression is accomplished by the concerted action of cellular and viral

protein functions.

1.2.5.1HIV proviral genome transcription - overview

As described in section L2.3, HIV RNA is around 9.2 kilobases in length, while the

integrated form of HIV DNA, also known as the provirus, is approximately 9.8

kilobases in length. At each end of the provirus is a repeated sequence known as the

Long Terminal Repeat or LTR (Figurel.7). Viral transcription is initiated from a

single promoter located in the 5'LTR and is regulated by a number of cis-acting

elements that interact with transcription factors including NF-/rB SP-l and NF-AT to

regulate the recruitment of RNA polymerase II necessary for transcription initiation.

The full-length primary HIV-I transcript contains multiple splice donor (5'splice

site) and splice acceptor (3'splice site) sites, which can be processed to yield more

than 30 alternative mRNAs divided into 3 groups (Purcell & Martin, 1993, Schwartz

et al., 1990):

l) Multiply spliced, which are 2kb in length expressing Rev, Nef, and the two-exon

form of Tat" These mRNAs exit from the nucleus independently of Rev.

t2



Figure 1.7 Regulatory elements in the HIV-I LTI{

The HIV-I LTR is divided into three functionally distinct regions designated U3 G

453 to +1), R (+1 to +98) and U5 (+99 to +185). U3 region functions as viral

promoter containing several regulatory elements represented by squares or eircles.

The R region encodes the RNA sequence, which forms the Tat activation region,

TAR.

Adapted from the website http://misa.sus.mcgill.calpresentations/Gatiqnoll.pdf
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2) Unspliced, which are translated into Gag and Gag-Pol precursor proteins, or

serve as genomic RNA for packaging into virions. The unspliced mRNA, 9 kb in

iength, is dependent on Rev for export from the nucleus to the cytoplasm.

3) Partially spliced, which are heterogeneous 4-5kb in length and retain the second

intron of HIV. They have the potential to express Env, Vif, Vpu and Vpr and also

require Rev for export (Figurel.8).

1.2.5.2 Regulation of transcription

Infection by HIV-1 often results in a period of latency characterised by variable low-

level virus production from the integrated provirus. The integrated provirus is subject

to regulation by viral regulatory proteins and cellular transcription factors. In

addition, a variety of environmental stimuli such as ultra violet light, heat shock, and

oxygen radicals may activate proviral transcription (Duh et al., 1989, Kalichman,

1998, Nabel & Baltimore, 1987, Tong-starksen et al., 1987, Valerie et al., 1988).

The exact mechanism by which these stimuli activate HIV gene expression is not

fully understood, but evidence suggests the activation of the HIV-I LTR is mediated

by cytokines and environmental stress and requires an active CSBP/p38 MAP kinase

(Kumar et al., 1996).

After integration in the host cell genome, the HIV-I provirus is packaged into

chromatin. Modif,rcation of chromatin within the vicinity of an HIV-I provirus may

also be involved in virus gene regulation. Modihcations, including a speeific

chromatin disruption occurring in the HIV-I promoter during transcriptional

activation, can alter the accessibility of DNA to specific transcription activators or

repressors, general transcription factors and RNA polymerase (Van Lint et al., 1996).
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Fig 1.8 Genomic organizøtion ønd wRNA production by HIV-I

Upper panel: Schematic representation of the 9.7kb proviral genome with its long

terminal repeat sequences (LTR) specifying the locality of genes, splice acceptor (SA)

sites (above), splice donor (SD) sites (below) and start of transcription (+1).

Lower panels: The three classes of viral RNA produced during HIV-I infection

include:

(i) unspliced 9kb transcript that forms either new viral genomes or mRNA encoding

Gag and GagÆol polyproteins , (ii) singly spliced 4kb mRNA encoding Vpu/Env

polyprotein, Vif and Vpr and (iii) multiply spliced 2kb mRNA encoding Tat, Rev and

Nef. Dashed lines represent intron sequences, which are spliced. Variations in splicing

in the 5' region of 2kb and 4kb mRNA occur because of the alternative use of several

SA sites. Only the basic structure of many different 4kb and 2kb mRNAs is shown.

Adapted from Davis, Adam (Ph.D thesis)
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Emerging data now suggest that the dynamic regulation of chromatin structure in the

vicinity of the LTR promoter adds an additional level of complexity to the regulation

of HIV expression (He et a1.,2002).

The viral protein Tat is essential for regulation of HIV-I proviral transcription. Kao

et al demonstrated that short, truncated transcripts predominate in the absence of Tat,

and that in the presence of Tat there is a dramatic increase in the levels of long

transcripts (Kao et al., 1987, Kessler & Mathews, 1992, Ratnasabapathy et al., 1990,

Toohey & Jones, 1989) and an increasing rate of transcriptional initiation (Laspia et

al., 1989a). Tat interacts with a Tat activation region (TAR) at the 5' termini of all

primary viral transcripts. Binding of Tat to a U-rich bulge near the apex of the TAR

RNA stem and the G26:C39 base pair immediately above the bulge, results in the

association with Tat of a protein kinase complex, TAK (Tat-associated kinase)

(Herrmann et al., 1996, Herrmann & Rice, 1995). TAK carries a kinase subunit

CDK9, and a cyclin subunit called cyclin T1 (Wei et aL, 1998) which regulates

CDK! activity and enhances the association of Tat with TAR RNA (Figurel.9). A

functional TAR RNA/TatlCyclinTl/CDKg is necessary for phosphorylation of the

RNA Polymeïase II carboxy terminal domain (CTD). Phosphorylation of RNAPII

CTD promotes transcriptional initiation, elongation and rapid reinitiation (Kobor &

Greenblatt, 2002).

The viral protein Rev exports unspliced and partially spliced HIV RNA into the

cytoplasm for translation. Before a "threshold" level of Rev required for this

function is reached, viral transcripts are multiply spliced by the cellular machinery

and exported from the nucleus normally. Nuclear export of unspliced and partially
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Figure 1.9 Recognition of TAR RNA by Tat and TAK.

Tat recognition primarily requires interactions with the bulge region of TAR. In the

presence of cyclin T1, conformational rearangements in Tat permit interactions with

the apical loop sequences. Part of the interface between Tat and cyclin T1 is believed

to involve cysteine residues from each protein that participate in zinc binding

Adapted from Karn (1999)
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spliced mRNAs depends upon the binding of multiple copies of Rev at a cis-acting,

highly structured RNA target or rev response element (RRE) in the envelope region

of the transcript (Malim & Cullen, 1991, Sandri-Goldin, 2004). Rev contains an N-

terminal arginine-rich sequence that serves as both a nuclear localization signal

(NLS) and RRE-specific RNA binding domain, and this motif is flanked by

sequences that mediate Rev multimerization at the RRE (Malim & Cullen, 1991). A

leucine-rich motif present in the carboxy terminal of Rev serves as a nuclear export

signal (NES) (Figurel.l0) (Fischer et al., 1995a). This NES is essential for Rev

binding to CRMI, a nuclear export factor belonging to the importin/exportin or

karyopherin family of nuclear transport receptors (Fornerod et al., 1997, Sandri-

Goldin, 2004, Stade et al., 1997). The 3D structure of rev is not known yet. However,

the hydrophilic NLS is likely to be more exposed than the hydrophobic NES.

Therefore, when rev is synthesized in the cytoplasm, the importin a/B may bind to its

NLS, carrying it into the nucleus. When rev is in the nucleus, it can bind to mRNA's

RRE. The RNA binding domain of rev is in the same region as NLS. Thus, upon

binding to mRNA, the NLS of rev is masked, exposing only NES. Cooperation

between GTPase Ran, which is a small GTPase that is required for protein import,

mRNA export, and the maintenance of nuclear structures, and Rev-CRMl results in

the translocation of viral mRNAs through the nuclear pore complex (Sandri-Goldin,

2004).

1.2.6 HIV encoded proteins and their functions

1,2.6.1 The major structural proteins :

Gag: gag encodes a 55-kilodalton (kDa) precursor polyprotein p55cue translated

from unspliced viral mRNA. Gag contains all the properties necessary for membrane

15



Figure 1.10 Functionøl domains of Rev

Three essential functional domains of Rev are indicated by shaded region. Amino acid

sequences of the N-terminal domain contains a basic Arginine-rich sequence essential

for Rev binding to the Rev response element (RRE) and a hexapeptide sequence that

functions as a nuclear localization signal (NLS). Amino acids flanking the basic

domain are required for multimerization of Rev monomers. V/ithin the C-terminal

domain a Leucine-rich sequence functions as a nuclear export signal (NES)

Adapted from Pollard & Malim (1998)
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targeting, viral particle assembly, and budding from the host cell (Wills & Craven,

1991). During translation, the N terminus of Gag is myristoylated (Bryant & Ratner,

1990), which is essential for targeting it to the cell cytoplasmic membrane.

Membrane associated Gag recruits two copies of viral genomic RNA and other viral

and cellular proteins that trigger budding of the viral particle from the surface of the

infected cell. After budding, subsequent morphogenesis of the mature virus involves

the proteolytic processing of the Gag polyprotein into MA (matrix pl7), CA (capsid

p24), NC (nucleocapsid p7) and p6 (Gottlinger et al., 1989). This proteol¡ic

cleavage, carried out by PR, autoproteolytcally cleaved from Pol polyprotein,

facilitates maturation of the virus into infectious virions (Gelderblom et al., 1987).

MA proteins associate to form a shell encapsidating the viral core of the mature

virus. However lYo of MA proteins are phosphorylated by an intravirion kinase

resulting in incorporation of MA into the viral nucleoprotein complex contained

within the conical core. Upon virus entry, the MA shell dissociates while MA in the

nucleoprotein complex participates in nuclear targeting of the complex via a nuclear

localisation sequence (NLS) in MA (Gallay et al., 1995). The p24 protein forms the

conical core of the viral particles. An interaction between Cyclophilin A and the p24

region of p55 has been demonstrated to be essential for viral replication (Franke &

Luban, 1996). NC binds to the viral RNA packaging signal through interactions

mediated by two zinc-flrnger motifs and facilitates viral RNA packaging (Lapadat-

Tapolsky et al., 1993). The p6 polypeptide region is thought to mediate the

incorporation of the accessory protein Vpr, into assembling virions (Paxton et al.,

1993). As mentioned in section 1.2.4,5, p6 also facilitates the efficient release of

budding virions from the cell surface and/or from each other. Studies of mutant

defective in p6 demonstrated assembled particles remaining attached to the
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extracellular surface of the plasma membrane via a thin membranous stalk

(Gottlinger et al., 1991). This release defect was seen in adherent cell lines and in

monocyte-derived macrophages (Demirov et al., 2002, Gottlinger et al., 1991). In

contrast, in T cell lines and in primary lymphocytes the major defect of p6 mutants

appears to be at the level of virion-virion detachment (Demirov et al., 2A02). A

defect in virus separation may also account for the observation that HIV-I particles

lacking p6 appear very large as assayed by sucrose gradient sedimentation (Garnier

et a1.,1999, Garnier et al., 1998).

Gag-Pol and the viral enzymes: The Gag-Pol precursor polyprotein, p160 is

generated by a ribosomal frame shifting event during translation of Gag, which is

triggered by a specific cis-acting RNA motif (Parkin et al., 1992). When ribosomes

encounter this motif they shift with a frequency of 5Yo to the pol reading frame

without intemrpting translation. Consequently the ratio of Gag and Gag-Pol

polyproteins produced in infected cells is approximately 20:1. pr16gga8-Pol is

incorporated into viral particles by interacting with the N-terminal domain of

assembling Pr55sus (Huang & Martin, 1997, Srinivasakumar et al., 1995). prl6ggae-Pol

is proteolytically cleaved into protease (PR, pl0), integrase (IN, p3l), and reverse

transcriptase (RT, p66l5l), initially by autoproteolytic cleavage of PR followed by

viral PR mediated cleavage of the remaining protein. RT functions as a RNA- and

DNA- dependent DNA polymerase during reverse transcription. RT is an active

heterodimer of two polypeptides: RT p66 and RT p51, in which only the p66

polypeptide contains the polymerase activity centre and encodes RNase H activity

nesessary for degradation of the RNA template during first DNA strand synthesis. IN

mediates the integration of HIV DNA into the genomic DNA of an infected cell.
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Env: Env encodes a 160 kDa polyprotein, expressed from a singly spliced mRNA

transcript. A oellular protease cleaves gp160 to generate gp4l and gpl20. gpl20

expressed on the surface of the virion interacts with the cellular receptor, CD4

(Landau et al., 19SS). gp41 is a transmembrane protein that binds to gp120 non-

covalently (Bernstein et al., 1995). gpl20 has nine highly conserved intrachain

disulfide bonds and five hypervariable regions, designated Vl to V5, whose amino

acid sequence can vary greatly among HIV isolates (Kwong et al., 1998). One such

region, called the V3 loop, is not involved in CD4 binding, but is an important

determinant of HIV tropism for T lymphoid cell lines and primary T cells and

macrophages (Hwang et al., 1991). This specificity is the result of an interaction

between the V3 loop and HIV co-receptors CXCR4 or CCR5, which belong to the

family of B-chemokine receptors present on susceptible cells (Deng et al., 1996, Feng

et al., 1996). For this reason, the V3 loop is also the principal target for neutralizing

antibodies that block HIV-1 infectivity (Goudsmit et al., 1988).

t "2.6.2 Regu latory p roteins/accessory proteins :

In addition to structural proteins the HIV genome encodes six regulatory and

accessory proteins. The regulatory proteins Tat and Rev are absolutely necessary for

virus replication. In contrast, Nef, Vpu, Vif, Vpr and the HIV-2 and SIV Vpx

proteins are dispensable for virus replication in vitro and hence termed accessary

proteins. Nevertheless, the high degree of conservation of these proteins reveal that

they fulfil crucial functions in vivo (Trono, 1995). Investigation of the molecular

mechanisms employed by HIV accessory proteins may yield new approaches for

therapeutic strategies.
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Tat: Tat is a small nuclear protein of 86 to 101 amino acids, depending on the viral

strain, encoded by two separate exons (see Figurel.4). Analyses of "full-length" Tat

have been performed commonly using the 86 amino acid version. However, it should

be noted that while a few laboratory strains (e.g. HXB2 and NL4.3) have the

truncated Tat (86aa), most HIV-1s have the 101 aa protein. The domain structure of

Tat is typical of a transcriptional activator including an activation domain and a

nucleic acid binding domain. Tat function is dependent on its interaction with a

bulged RNA stem-loop structure, TAR (Tat activation region) that is present at the 5-

terminus of all viral mRNAs. Despite intensive efforts, the mechanism of Tat action

remains incompletely understood. As discussed before, Tat is a major transcriptional

activator of the proviral LTR promoter element and is essential for viral replication

in almost all culture systems (Cullen, 1998, Laspia et al., 1989b, Rice & Mathews,

1983). One mechanism used by Tat to activate the HIV-I LTR involves increasing

the processivity of RNA polymerase II molecules and hence the efficiency of

transcriptional elongation (Cullen, 1998). Other studies have also demonstrated that

HIV-I Tat protein specifically interacts with and activates cyclin-dependent kinases

(Cujec et ã1., 1997, Garcia-Mafünez et àI., 1997, Wei et à1., 1998) which

phosphorylate the C-terminal domain of RNA polymerase II and increase HIV-I

gene expression. Ulich et al demonstrated that the amino terminus of Tat is critical

for its role in modulating HIV-I reverse transcription (Ulich et al., 1999).

More recently HIV-I protease PR regulation of Tat activity has been.shown to be

essential for efficient reverse transcription and replication. Using a rabbit reticulocyte

lysate (RRL) system, dpolloni showed that Tat was specifically cleaved in the

presence of HIV protease PR, producing a protein of approximately 5 kDa. This

suggested that the cleavage site was located in or near the Tat basic domain (amino
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acids 49 to 57), which the same group has previously shown to be important in

reverse transcription. This PR cleavage was also observed in cell culture.

Interestingly, the extent of Tat cleavage by PR correlated with its ability to support

efficient reverse transcription implying that the PR cleavage is important for HIV

effrcient reverse transcription (Apolloni et al., 2003).

Rev: Rev is encoded by two exons (Figurel.4) and accumulates within the nuclei of

infected cells (Kim et al., l9S9). Rev binds to a 240-base region of complex RNA

secondary structure, termed the Rev Response Element (RRE), that is present in all

unspliced and partially spliced viral transcripts. Normally, RNAs that contain introns

(i.e., unspliced or incompletely spliced RNA) are retained in the nucleus. Binding of

Rev to RRE facilitates export of unspliced and partially spliced viral RNAs from the

nucleus to the cytoplasm. In addition to the RRE binding domain, Rev also contains

at least two other functional domains, a multimerisation domain and an effector

domain. Rev is believed to exist as a homo-tetramer in solution. The effector domain

is a specific nuclear export signal (NES) located between residues 75 and 84 (see

Figurel.10) (Fischer et al., 1995b). Using the yeast two-hybrid assay, nucleoporins

have been demonstrated to bind Rev thereby suggesting their involvement in the

biological activity of the Rev NES (Cullen, 1998). High levels of Rev expression can

lead to the export of so much intron containing viral RNA that the amount of RNA

available for complete splicing is decreased, which, in turn, reduces the level of Rev

expression. Therefore, this ability of Rev to decrease production of fully spliced

viral RNA ultimately reduces the amount of Rev protein (Felber et al., 1990). Rev is

absolutely required for HIV-I replication: proviruses that lack Rev function are
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transcriptionally active but do not express viral late genes and thus do not produce

virions.

Vpu: Vpu is a small transmembrane protein that has at least two independent

activities. It induces the degradation of newly translated CD4 molecules (Paul &

Jabbar, 1997), and increases the release of virus particles from infected cells

(Terwilliger et al., 1939). While CD4 degradation is mediated by sequences located

in the Vpu cytoplasmic tail, enhanced virion release is dependent on the hydrophobic

amino-terminal transmembrane domain. Vpu acts to facilitate virion release by

promoting the budding of virions from cellular plasma membrane, as opposed to

intracytoplasmic membrane structures (Bour & Strebel, 2003, Klimkait et al., 1990)

Vpr: Vpr, another HIV accessory protein is a late HIV gene product,96 amino acids

in length, packaged into the virion nucleocapsid in equimolar amounts to that of Gag

protein. As described in sectionl.2.6.l, Gago6 protein mediates the incorporation of

Vpr into assembling nucleocapsids. During the early stage of HIV-1 replication Vpr

forms part of the preintegration complex (PIC). Sequence analysis has identified Vpr

as a nucleophilic component that influences nuclear localisation of viral nucleic acids

in nondividing cells (Heinzinger et al., 1994). Vpr hence may play a role in

mediating the nuclear import of HIV-I PICs into the nucleus of non-dividing cells.

Another interesting activity of Vpr is its ability to inhibit cell division of all cells

assayed so far including. E.coli, yeast, mammalian cells and even human oancer

cells" Several different models were proposed to explain how Vpr has so many

effects on the cell division cycle. Vpr might disrupt multiple targets, each of which

controls a different process or pathway. Alternatively, Vpr may tatget a single
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protein or organelle that affects these interdependent processes (Chang et a1.,2004,

Zhang et al., 1997)"

Nef: Nef is a 27-kDa myristoylated protein that is encoded by a single exon that

extends into the 3' LTR (see Figurel.4). Nef is the first viral protein to accumulate to

detectable levels in a cell following HIV-I infection (Kim et al., 1989). Nef is the

largest accessory protein of 206 amino acids in length, and expressed at greater

levels than Tat and Rev. Nef was initially found to exert a negative effect on the rate

of HIV-I replication in culture. Nef has been shown to play at least three important

functions in HIV-1 infection.

1) Nef downregulates cell surface expression of CD4 and major histocompatibility

complex (MHC) class I molecules (Garcia &D., 1992, Garcia & Mille4l99l);

Hence as CD4 is the primary receptor for HIV-I, down-regulation of CD4

reduces superinfection of an infected cell and down regulation of class I MHC

may help infected cells avoid CTL surveillance. In addition, it has been

suggested that virus spread may be inhibited by the inability of progeny virions to

effectively dis-engage from infected cells that express high levels of cell-surface

CD4 (Marshall et al., 1992). Therefore, downregulation of CD4 expression by

Nef may facilitate the release of HIV-I virions (Benson et al., 1993).

2) Nef perturbs T cell activation also shown in studies of Jurkat T cells where Nef

expression inhibited induction of transcription factor NF-KB, and prevented

antigen receptor-mediated induction of lL-2 expression (Luria et al., 1991). In

contrast, results obtained in Nef transgenic mice revealed that Nef led to elevated

T cell signalling (Skowronski et al., 1993). The expression of a CD8-Nef

chimerical molecule in Jurkat cells had either positive or negative effects on T
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cell activation depending on the cellular localization of hybrid Nef molecule

(Baur et aI., 1994). Consistent with these results, Nef has been found to associate

with several different cellular kinases that are present in helper T lymphocytes,

such as Tyrosine kinase lck, a serine/threonine kinase.

3) Nef enhances virion infectivity demonstrated by both tissue culture infectious

dose analysis, and single-cell HIV infection assay (Miller et al., 1994). Schwartz

O et al showedHIV-I reverse transcription in infected cells generated 5- to 10-

fold less DNA when the virions were produced in the absence of Nef, indicating

that these particles performed reverse transcription in a suboptimal environment

(Schwartz et al., 1995b). Other studies also demonstrated that Nef functioned in

the process of virion assembly and could not be complemented by expression of

Nef in target cells. The enhancement effect of Nef on viral infectivity might be

lQ-fold or more when primary T cells or certain highly susceptible target cells,

such as CD4-Hela cells were infected (Cullen, 1998, Lundquist et al., 2002,

Stoddart et aL.,2003).

In addition, a lack of Nef function appeared to affect HIV-I pathogenesis in vivo.

Individuals infected with a strain of HIV-I that contained inactivating mutations in

Nef, underwent a less progressive disease leading to longer asymptomatic clinical

phase of the disease (Deacon et al., 1995, Kirchhoff et al., 1995). This observation

provides a significant link between viral genotype and disease progression.

Vif: Vif was one of the least understood HIV viral accessory proteins at the

commencement of this doctoral project in early 2001. There has been a remarkable
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expansion of body of knowledge regarding the functional aspects of Vif in recent

years. Background discussion on HIV Vif is described below'

1.2.7 HIV-I virion infectivity factor (ViÐ

Vif is alate HIV-I gene product encoded by a singly spliced mRNA expressed in a

Rev dependent manner. The mechanism of action of Vif is not fully understood, yet

it is clearly important for infectivity (Cullen, 1998) and elucidation of Vifls role in

HIV-1 infection may provide an important target for therapeutic intervention.

1.2.7.1HIV-l Vif localisation and biological activity

Vif is a highly basic, 23 kD4 192 amino acid phosphorylated protein synthesised at

relatively high levels late in the viral life cycle (Garrett et al., 1991, Schwartz et al.,

I99l).Immunofluorescence analysis of the subcellular distribution of Vif indicates

that it is predominantly localised within the cytoplasmic region, with only weak

staining of the nucleus (Goncalves et al., 1995, Karczewski & Strebel, 1996).

Indirect immunofluorescence staining assays indicated that Vif has an affinity for

microsomal membranes (Goncalves et aL,1994, Goncalves et a1.,1995). Simon et al'

also showed Vif present in the cell cytoplasm and at the cell membrane, and found it

to co-localize with the major HIV structural protein, Gag by confocal microscopy

(Simon et al., I999a, Simon etal.,1997).

Vif is highly conserved in HIV-I and all other lentiviruses with the exception of

equine infectious anemia virus (Oberste & Gonda, 1992). Vif is required for HIV-I

replication in primary T-lymphocytes and monocytes/macrophages, while the

requirement for Vif differs among different cell lines. This has led to the description

24



of primary cells and certain cell lines as non-permissive (H9, HuT-78, 43.01) seml-

permissive (CEM-ss) or permissive (HeLa CD4, 293T, Cos-7, SupTl), for the

replication of Vif-defective viruses (Gabuzda et al., 1992, Sova & Volsky, 1993). Vif

acts at a late stage of the virus life cycle during assembly and/or maturation in

producer cells, to enhance infectivity of progeny virions 100-1000 fold in non-

permissive target cells (Blanc et al., 1993, Fisher et al., 1987, Strebel et al., 1987).

Since Vif does not show any sequence similarity or homology to any other protein it

has been difficult to predict its mode of action or the functional domains of Vif.

While the N-terminus and C-terminus of Vif appear to be important for binding to

viral RNA and Gag respectively, the exact residues mediating this interaction have

not been defined (Zhang et a1.,2000a). More recently work using in vitro GST fusion

proteins, co-immunoprecipitation and the yeast 2-hybrid system has shown that Vif

is likely to act as a multimeric protein. The region of Vif mediating this interaction

appears to lie in a proline enriched, positively charged fragment at amino acid

position 15l-164 (Yang et al., 2001).

1.2.7.2 Vif is required for efficient reverse transcription

Analyses of the protein content and morphology of Vif-defective virus particles have

been conflicting. Early research on AvlHIV-l virions derived from permissive and

non-permissive cells revealed little differences in protein composition, RNA content,

or reverse transcriptase activity compared to wild type (WT) virions (von Schwedler

et al., 1993). In contrast, other studies have indicated that Vif plays a role in

increasing Gag protein processing or in incorporation of processed Gag products into

mature virions. The presence of unprocessed precursor Gag polyprotein (Pr55gag)

and other Gag processing intermediates in PBl-derived Vif-negative extracellular
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particles was proposed to contribute to the reduced infectivity of this virus (Sova et

al.,200l,Volsky et al., 1995). However, more recent studies did not reproduce these

results and no differences in either viral protein composition or particle morphology

were detectable (Fouchier et al., 1996, Soll, 1997) pointing to more subtle

differences being responsible for the reduced infectivity of vif-defective virus

particles.

ÄvlHIV-l virus derived from non-permissive cells was reported not to complete

full-length double-stranded oDNA synthesis nor to establish a provirus in infected

non-permissive cells (Goncalves et al., 1996, Simon & Malim, 1996, von Schwedler

et al., 1993). This defect could be overcome by expression of Yif in trans in virus

producer cells but not in viral target cells, indicating that Vif function is required

during late stages of virus assembly, budding and/or maturation (von Schwedler et

al., 1993)(Figure 1.11). Defects of the vif gene do not have detectable effects on

levels of viral transcription and translation in producer cells (Zhang et al., 2000a).

Virions of Vif- deficient mutants are released normally from infected cells and at

similar levels, and bind and penetrate target cells at the same efficiency as WT

virions (Simon & Malim, l996,von Schwedler et al., 1993). The defect appears to lie

in one or more steps after virion entry, but to be determined by the presence of Vif in

the producer cells.

Several reports have suggested that Vif affects the stability of the viral nucleoprotein

eore (Hoglund et al., 1994, Ohagen & Gabuzda,2000, Simon & Malim, 1996)' In

particular, the viral nucleocapsid (NC) and reverse transcriptase were reported to be
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Figure 1. 11. Vif alþcts viral reverse transcription

Vif deficient HIV-I progeny virions enter target cell normally, but unlike WT HIV-I

virion, its RNA cannot be reverse transcripted to DNA. Vif may function at the late

phase affecting the viral assembly/maturation.

Adapted from trubushi & Adachi (1999)
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less stably associated with the viral core in Avf virus particles (Ohagen &. Gabuzda,

2000).

Earlier studies showed that the level of Vif within virion cores ranged from 20 to 100

molecules per virion. Other studies using highly purifred virion preparations

suggested that Vif is largely excluded from virions, and that the low levels observed

were associated with aberrant particles containing unprocessed Pr55cuc (Dettenhofer

& Yu, lggg, Sova et al., 2001). This suggests that mature particles may not contain

Vif, and has led to the proposal that Vif is actively excluded from the virion during

particle release and maturation (Dettenhofer & Yu, 1999, Sova et al', 2001)'

However, most recent reports suggest that Vif is incorporated into the virions (Kao et

a1.,2003a, Khan et al., 2001).

In addition, virion associated Vif is proteolytically cleaved, and Vif mutants with

incomplete intra-virion proteolysis are incapable of supporting efficient virus

replication in some cell types, suggesting that the Vif present within virions may also

be important in Vif function (Khan eta1.,2001)

1.2.7.3 Vif interacts with viral proteins and RNA

Subcellular fractionation studies have shown that Pr55cus and Vif co-sediment in

membrane-free cytoplasmic complexes (Simon et al., 1999a). Earlier work suggested

that this co-sedimentation may reflect a direct interaction between Vif and the NCpT

domain of Pr55cus during HIV-l infection (Bouyac et aI., 1997). However the nature

of the Gag:Vif interaction remains controversial and it has been suggested rather that

Gag and Vif may be independently targeted to the same subcellular compartment

(Simon etaI.,I999a)"
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There is also a reported interaction between Vif and the viral PR, which is

responsible for processing of Gag and Gag-Pol precursors during viral assembly. In

particular, it was reported that the N terminus of Vif (amino acids 1-98) has an

inhibitory effect on HIV-I PR. This has led to the to the proposal that Vif modulates

viral assembly by regulating proteolytic cleavage of the Gag-Pol precursor (Baruz et

a1., 1998). Peptides derived from two regions in Vif spanning from residues 30-65

and 78-98 inhibited PR activity in vitro, and specifically bound HIV-PR and

inhibited HIV-l production in vivo (Friedler et al., 1999). Research involving peptide

mapping analysis of N'-Vif revealed that Vif 88-98 was the most potent PR inhibitor'

This peptide inhibited both HIV-I and HIV-2 proteases in vitro (Blumenzweig et al',

2002).

Vif has also been shown to be interact with viral genomic RNA in the cytoplasm of

virus producing cells (Dettenhofer et a1., 2000, Zhang et al., 2000a) Zhang et.al

(Zhang et al., 2000a) demonstrated that Vif specifically binds in vitro to HIV-I

genomic viral RNA. In the same report, the authors used co-immunoprecipitation and

LJV oross-linking assays to show a direct interaction between Vif and viral RNA in

messenger ribonucleoprotein (mRNP) complexes in the cytoplasm of viral producing

cells. Vif could be displaced from these complexes by Gag. Examination of a panel

of Vif mutants indicated that there was a correlation between loss of viral RNA

binding capacity and the ability to complement Vif deficient HIV-I replication in

non-permissive cells. The authors proposed a model where Vif initially binds to the

NCpT domain of the Gag precursor to mediate the engagement of HIV-I genomic

RNA to HIV-I Gag precursors. As the viral RNA molecule binds the Gag precursor,
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the affrnity of Vif for RNA and Vif for Gag then decreases, and Vif gradually

dissociates from the budding complex, which is now composed of Gag, Gag-Pol and

genomic RNA. This displacement process of Vif might guide the proper folding and

condensation during viral RNA packaging. Further, in non-permissive cells infected

with Vif deficient virus, RNA could still be packaged through its interaction with

Gag, but in the absence of Vif the RNA conformation might be altered, resulting in

altered morphology of the virion and defects in reverse transcription (Zhang et al.,

2000a). Dettenhofer et al also demonstrated that Vif specifically interacts with viral

genomic RNA in a cell free system in vitro (Dettenhofer et al., 2000). During viral

assembly, regions of Gag-Pol are thought to direct the specific incorporation of

tRNA3Lv', which acts as a primer for reverse transcription. Genomic-primer tRNA

complexes purified from cells infected with Vif deficient virus displayed severe

defects in the initiation of reverse transcription in in vitro teverse transcription

assays. These researchers proposed that Vif interacts transiently with RNA

influencing the viral genomic RNA-tRNA3Lv'complex, which in tum affects reverse

transcription (Dettenhofer et al., 2000). Thus, various models for Vif action involve

an effect on introvirion proteolytic action, a role in particle assembly and

involvement in the formation of competent genome proteirVtRNA"/complexes'

1.2.7.4 The effect of Vif is cell type dependent and involves cellular inhibitor(s)
of IIIV replication

As previously outlined, Vif is required for replication of HIV-I in primary T-cells

and monocytes/macrophages. However the requirement for Vif differs among cell

lines, which are classified as non-permissive, semi-permissive or permissive for the

replication of Vif-defective viruses (Sova & Volsky, 1993, Volsky et al., 1995). The

conditional nature of the requirement for Vif function strongly suggests the
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involvement of cellular factor(s) in Vif related functions. This led to a proposal that

either permissive cells express a Vif-like function which substitutes for Vif during

HIV-1 replication; or non-permissive cells express a cellular viral inhibitor which Vif

is able to overcome or neutralize.

Using a cell fusion technique Simon et al (Simon et al., 1998a) and Madani et al.

(Madani &, Kabat, 1998) produced heterokaryons by fusing permissive and

nonpermissive cells. This showed the heterokaryons had non-permissive phenotype.

It has also been shown that only Vif from HIV-2 and closely related primate

lentiviruses can complement a deficiency of HIV-I Vif in human cells. Further, only

HIV-I Vif and not SIV Vif can complement an SIV Vif deletion in human cells,

suggesting that Vif function is species-specific and dependent on cell type, indicating

a specificity for cellular factors rather than viral factors (Simon et al., 1998b). These

findings supported the proposal that non-permissive cells express an inhibitor(s) that

can be overcome or neutralised by Vif during viral replication.

1.2.7.5 Host cellular factors that interact with Vif

A number of cellular factors have been shown to interact with Vif. These include:

Vimentin

Vif is predominantly present in the cytoplasm and closely colocalizes with the

intermediate filament vimentin in HeLa cells, a permissive cell type (Karczewski &

Strebel, 1996).It is likely that the cytoskeleton is important for virion assemblS and

reverse transcription has been shown to dependent on an intact actin network

(Bukrinskaya et aI., 1998, Soll, 1997). Thus, an interaction of Vif with cytoskeletal
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components, such as vimentin, may also contribute to its proposed function in viral

assembly and correct formation of the reverse transcription complex. However co-

localisation of Vif and vimentin in non-permissive cells has not been reported.

Recent studies in non-permissive Cos-7 cells expressing Vif showed a dramatic

effect of Vif on vimentin localisation, although Vif and vimentin did not co-localise

(Henzler et al., 2001).

Hck

Hck is a tyrosine kinase from the Src family that may act as a cellular inhibitor of

FIIV-I replication (Hassaine et al., 2001). In this single study Vif was demonstrated

to bind specifically to the Src homology 3 domain of Hck. A glutathione S-

transferase pull-down assay and mutagenesis analysis revealed that a proline rich

motif (PPLP) within the C-terminal domain of Vif might be necessary for interaction

with the SH3 domain of Hck. Hck was able to inhibit the production and the

infectivity of Avf virus but not that of wild-type virus. Furthermore, the interaction

between Vif and futl-length Hck was further assessed by co-precipitation assays ln

vitro and in human cells, and overexpression of Hck in Jurkat cells rendered them

less permissive. As described by Hassaine, Hck is expressed mainly in promonocytic

cells, but is also present in monocyte-derived macrophages (MDM), and mediates

FcyRI receptor signalling, induction of cytokine production triggered by bacterial

lipopolysaccharide, phagocytosis and cell spreading (Hassaine et à1., 2001).

However, Hck is undetectable in primary T CD4+ lymphocytes which are non-

permissive, indicating that Hck was not likely to be the primary factor determining

the non-permissive phenotype of these cells to Avfvirus (Hassaine et al., 2001).
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HP68

FIP68, a cellular ATP-binding protein described previously as an RNase L inhibitor,

was shown to interact with Gag. Further, it was demonstrated to be important for

post-translational events in immature HIV-I capsid assembly (Dooher & Lingappa,

2004, Zimmerman et ã1., 2002), Zimmerman et ql showed by co-

immunoprecipitation that HP68 interacted with Vif in HIV-1 transfected Cos-1 cells.

Consistent with previously proposed function of Vif action, this interaction might

involve viral Gag to assist capsid assembly. Alternately it is possible that the

association of Vif and HP68 may in some way protect viral RNA from

degradatiorVdamage during viral assembly.

Sp140

Cell factor Sp140 has also been found to interact with Vif (Madani et al., 2002).

Sp140 is lymphocyte and macrophage specific and is induced by gamma interferon.

The authors showed by Northern blot analysis that Sp140 mRNA was present in all

nonpermissive cells studied. Confocal immunofluorescence microscopy

demonstrated that Vif induced significant re-localisation of Sp140 between 16 and

20h post infection. However, co-immunoprecipitation studies exhibited a weak

interaction between Sp140 and Vif. Furthermore, the authors did not examine

whether Sp140 had any real effect on HIV infectivity/replication during HIV-I

infection. Thus, the biological significance of Sp140 requires further investigation.

CEMls/APOBEC3G

During the course of this study, a major new development regarding Vif action was

reported by a number of laboratories (Lecossier et al., 2003, Mangeat et a1'.,2003,
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Sheehy et al., 2002, Sheehy et a1., 2003). Sheehy et al. identified a cellular factor

designated CEM15 which is present only in non-permissive cell types. CEM15-

expressing cells allowed robust replication of wild type HIV-I, but low or no

detectable growth of vif-deficient HIV-I. Further the authors found that inducing

transient or stable expression of CEM15 in permissive cells rendered them non-

permissive, and the antiviral action function of CEM15 was overcome by the

presence of Vif (Sheehy et al., 2002). Thus, CEMI5 represents to date the most

promising candidate for the proposed inhibitory protein determining Vif-dependent

host cell restriction. CEM15 is identical to apolipoprotein B mRNA editing enzyme

catalytic polypeptide-like 3G, APOBEC3G. APOBEC3G is a known cytidine

deaminase that introduces frequent C to U changes into the minus-strand of newly

synthesised HIV-I viral DNA during reverse transcription. When HIV replicates in

cells expressing CEM15/APOBEC3G, Vif protein in the virus producer cell is able to

prevent the accumulation of defects during viral DNA synthesis in newly infected

target cells. A series of studies have provided convincing evidence that packaging of

APOBEC3G into Vif -defective virions leads to hypermutation of viral cDNA in the

target cell. Vif is thought to prevent the packaging of APOBEC3G in the progeny

virions (Hanis et al., 2003, Kao et aL,2003b, Mangeat et a1.,2003, Mariani et al.,

2003, Zhang et a1.,2003).In addition, Vif also reduces APOBEC3G levels in virus-

producing cells by inducing its ubiquitination and subsequent degradation by the

proteasome (Marin et al., 2003, Sheehy et aL, 2003, Yu et al., 2003). How Vif

interferes with the packaging of APOBEC3G, and whether this function involves

interactions between other cellular proteins has not been elucidated"
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Our laboratory previously isolated two cDNA clones that interacted with HIV-I Vif

when expressed in the yeast 2-hybrid system. The first clone was originally named

"Triad 3", as it shared 99.8% homology with the central domain of a then theoretical

protein Triad 3 (AF228527) first reported by a Dutch group (Lake et al., 2003,van

der Reijden et al., 1999). The second clone was named "NVBP" for Novel Vif

Binding Protein with no known sequence homologue. Subsequent to publication of

the complete Triad 3 nucleic acid sequences (van der Reijden et al., 1999), the

corresponding protein was identified by Chen et al based on its biological function

and the protein was named Zinc Finger protein Inhibiting NFÆB (ZIN) (Chen et al.,

2002)" lVIore recently, mRNA encoding a longer form of Triad 3 protein has also

been identified and named Triad 3A (4F513717) (Chuang &, Ulevitch, 2004). To

avoid confusion with these more recently identified proteins our originally isolated

Triad 3 peptide (Lake et al., 2003) is renamed Triad 3au. A description of the

proteins and their nomenclatures are detailed in Figure 1.12. As the figure shows,

Triad 3 (orange box) is the hypothetical protein reported by van der Reijden, the

structure and function of which is unknown. Triad 3au is an internal segment,

containing almost the whole ring finger domains of Triad 3 and ZIN protein. The

relationship of these peptides and proteins, and the interactions between Triad 3au

and ZIN with Vif in mammalian cells and in HIV-I infection, were investigated in

this study. More details are given in later chapters.

1.2.8 Pathogenesis of HIV-I infection

1.2.8"1 Signs, symptoms of primary HIV-I infection

Primary HIV-I infection is often accompanied by signs and symptoms of an acute

viral infection (Cooper et al., 1985, Kinloch-de Loes et al., 1'993, Niu et al., 1993,

34



Figure 1.12 Nomenclature and desuiption of Triød 3 related seqaences

ønd proteins

Upper panel:

Triad 3: The earliest description of the sequence of hlpothetical ring finger protein

name Triad 3 by van der Reijden et al. (van der Reijden et a1.,1999),1281bps.

Triad 3au: A partial 653 bps oDNA sequence isolated by our laboratory from a

leucocyte oDNA library (Lake et a1.,2003).

ZIN: The full-length sequence of Triad 3 identified by Chen et al (Chen et a1.,2002),

2101 bps.

Triad3A: A mRNA recently identified by Chuang TH et al. (Chuang & Ulevitch,

2004) 2861 bps.

Bold lines indicate homologous sequence region and dashed lines represent non-

homologous sequence. Red circles designate the position of stop codons, and the

affow indicates deleted sequence.

Lower panel

Orange box presents the hypothetical Triad 3 peptide sequence. Green boxes indicate

ring finger domains.

ZIN: ND indicates N-domain of ZIN protein, RLDs represents ring like domain, PRD

indicates the proline rich domain.

Triad 3A: published by Chuang TH et al. possessing E3 ubiquitin ligase activity.
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Schacker et al., 1996, Ziegler, 1990). The symptoms usually present within days to

weeks after initial exposure and infection. The most common signs and symptoms of

primary HIV infection include fever, fatigue, rash, and headache. Other common

signs or symptoms include lymphadenopathy; pharyngitis; myalgia; etc. (table 1'2).

In oontrast, infected individuals normally have none or only minor symptoms during

the chronic persistent phase of HIV infection until later manifestations of HIV

disease develop. Achieving the goal of eradicating HIV-I infection from the infected

host remains elusive. A greater understanding of the interaction between HIV-I and

its host may assist this work.

1.2.8.2 Aspects of virus-host interactions affecting pathogenesis

HIV-I attaches to the CD4 surface molecule when infecting a cell. Virus entry

however, is also dependent on the function of specific co-receptors. A decade

following the discovery of CD4 as the attachment receptor for the HIV-I surface

glycoproteingpl20,the p-chemokine receptors CCR5 and CXCR4 were identified as

coreceptors. These receptors assist HIV-I to infect CD4+ T cells which express

CXCR4 (Pleskoff et al., 1997), macrophages which express CCR5 (Gorry et al.,

2001) and CD4+ dendritic cells (DCs) which express both CCR5 and CXCR4 (Xiao

eta1.,2000). The distribution of co-receptors on different cell types is an important

determinant of virion tropism in the body.

Once HIV has integrated into the DNA of the host cell chromosome, the level of

expression of the provirus is dependent on the activation state of the host cell.

Provirus transcription needs host factors that are abundant in activated T cells and

macrophages. These factors, together with the viral Tat protein, markedly promote
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Table L.2

Signs, Symptoms and Laboratory Values of Primary HIV Infection

Signs, Symptoms,
Laboratory Values

Frequency (7o)

Fevers
Fatigue
Rash
Headache
Lymphadenopathy
Pharyngitis
Myalgia, arthralgia
Nausea, vomiting or diarrhea
Night sweats
Oral ulcers
Genital ulcers
Thrombocytopenia
Leukopenia
Elevated hepatic enzymes

>90Vo

>9OVo

>707o

32-7OVo

40-lÙVo
5O-707o

5O-107o
3O-607o

5OVo

lO-2OVo

5-157o
45Vo

4OVo

277o

Adapted from Http ://hivinsite.ucsf.edu



gene expression, leading to virion production, antigen display and a range of

deleterious outcomes for the cell related to virion replication. Insert here known

reasons for the decline in T cell numbers in HIV-I infected patients related to virus

replication consequences eg apoptosis, etc. In contrast, quiescent T cells are

refractory to infection because of blocks at or immediately after reverse transcription.

These blocks prevent the establishment of the provirus, thereby preventing later

stages of virus replication and immune clearance of infected cells. However certain

combinations of specific cytokines, includin g lL-2, IL-4, lL-7 , or IL- I 5 can activate

quiescent cells and hence trigger viral replication in these cells (Unutmaz et al.,

1999). Viral factors may also be involved in promoting HIV-1 infection of quiescent

host cells. For example, Nef has been shown to create conditions that allow virus to

infect non-activated cells. HIV-1 infected macrophages also release soluble factors

that stimulate activation of T cells leading to the infection with wild-type but not

I{ÍY Lnefvirions (Swingler et al., 2003).

Cells of the macrophage lineage play an important role in initial infection with HIV-

I and contribute to the pathogenesis of the disease throughout the course of infection.

tsoth blood monocytes and tissue macrophages can be infected with HIV-I in vivo

and in vitro, although macrophages are more susceptible to infection via the CD4

receptor and CCR5 co-receptor. Cells of the macrophage lineage can be infected

predominantly with strains that preferentially use the CCR5 co-receptor and are

designated R5 or macrophage (M)-tropic strains, although infection with some T cell

line (T)-tropic (X4) strains or dual-tropic isolates of HIV-I (exhibiting features of

both M-tropic and T-tropic isolates) has also been reported (Kedzierska & Crowe,

2002). Macrophages are a second major reservoir of HIV-I infection in vivo. The
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dendritic cell (DC) reservoir is the least well understood of HIV-I infected cell

targets. It has been generally presumed that DCs function as a scavenger for virions

at the site of transmission in the mucosa, and these cells may be one of the initial

target cells for HIV-I infection. There is now growing evidence to suggest that

certain DCs also support virus replication and migrate to the lymphoid tissue where

they can contribute to the dissemination of the virus to adjacent CD4+ T cells (Lore

& Larsson, 2003, Piguet & Blauvelt,2002)

1.2.8.3 Developments in viral pathogenicity

Measurement of virus load and CD4+ lymphocyte levels in HIV infected patients are

important markers of HIV-I progression (Ho et al, 1995, Wei et al., 1995). The

steady-state level of viremia "set point" that is reached after acute infection can be

predictive of the ultimate rate of clinical progression (Mellors et al., 1996). Others

have demonstrated a causal relationship between the viral replication rate and

lymphocyte depletion with disease progression (Alimonti et al., 2003, Deacon et al.,

1995) (Figure 1.13). However, it is not clear whether CD4 T lymphocyte depletion,

which steadily occurs during the asymptomatic phase of the infection, is a

consequence of direct killing of infected cells by viral replication or an indirect

oonsequence of viral infection, and arguments actually support both mechanisms. For

example, CD4+ and CD8+ T cells from individuals infected with HIV-I have been

found to undergo spontaneous apoptosis in vitro (Meyaard et al., 1992). However,

analysis of lymph nodes infected with HIV-I using in situ labelling of lymph nodes

from HlV-infected children and SlV-infected macaques has shown that HIV-I

replication in these tissues cause cell death of infected cells and apoptosis of

uninfected bystander cells (Finkel et al., 1995). Several mechanisms for CD4 T
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Fìgure 1.13 Time course of HIV-I infection

Upper panel: Decline of CD4+ lymphocytes in peripheral blood, in relation to the

three stage of disease; primary infection that precedes seroconversion, a long

asymptomatic period, and late development of s¡rmptoms (known as the AlDS-related

complex, ARC) and AIDS.

Lower panel: Course of development and decline of viraemia, antibodies specific for

Env and p24 andHlV-specific cytotoxic T lymphocytes (CTL)

Adapted from Weiss (1993)



lnhctlon
Serccontplslon

J
D€aür

+

-l\ -----------T

Mlnor or no ryrnpbma

CD4+ PBL

A¡ttodles b HIV Env

Up b 12 yuare

ARÖ/ÄOS

2-3 years

tr
E

I
a
¡(,

0

4.8 weelrg

H|V€pocilñc CTL

Andbodlæ b HtV p24

Vhemla



lymphocyte depletion in HIV infection have also been proposed. Earlier studies

demonstrated that although CD4 expression is essential for HIV induction of

apoptosis by the HIV envelope, the apoptotic signal could be delivered in the

absence of the CD4 cytoplasmic domain, suggesting that other membrane associated

molecule(s) are recruited for the signalling to initiate apoptosis (Jacotot et al., 1997).

Daniel Y et al showed evidence supporting the contention that autoantibody-induced

apoptotic and non-apoptotic mechanisms contribute to CD4 depletion in long-term

HlV-infected haemophilia patients (Daniel et a1.,2004). By investigating the ability

of HIV to trigger dendritic cells (DCs) cytotoxicity, Lichtner M. et al showed that

HIV-1-infected DCs induce apoptotic death in infected and uninfected primary CD4

T lymphocytes. When incubated with HIV, monocyte-derived DCs induced

apoptosis in MDA-231 cells, which are sensitive to MV (measles virus) -induced DC

cytotoxicity, and in uninfected as well as HlV-infected H9 CD4+ T cell lines

(Lichtner et al., 2004).

HlV-infected humans and SlV-infected rhesus macaques who remain healtþ despite

long-term infection exhibit exceptionally low levels of virus replication and active

antiviral cellular immune responses (Cao et al., 1995, Migueles & Connors,2002,

Rosenberg et al., 1997).In contrast, sooty mangabey monkeys that represent natural

hosts for SIV infection do not develop AIDS despite high levels of virus replication

and limited antiviral CD8 (+¡ T cell responses (Broussard et al., 2001, Chakrabarti et

a1.,2000, Rey-Cuille et a1., 199S). Similar studies by Silvestri et al indicated that

SlV-infected mangabeys preserve T lymphocyte populations and regenerative

capacity and manifest far lower levels of aberrant immune activation and apoptosis

than are characteristic of pathogenic primate lentiviral infections (Silvestri et al.,
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2003). These results suggest the direct consequences of virus replication alone can

not account for progressive CD4+ T cell depletion leading to AIDS. CD4+ responses,

CD8+ T cell activity, and also antibodies and other factors may contribute to control

of the AIDS development without antiretroviral therapy in some HlV-positive

individuals, but immune activation may also contribute to development of disease.

1.3 HIV/AIDS vaccine developments

Since the discovery of HIV, great progress has been made in the molecular virology,

pathogenesis and epidemiology of HIV, but the development of an effective HIV

vaccine remains an elusive goal. A number of reasons may explain the slow progress

in vaccine development. These include: 1) Integration of the virus into the host cell

genome making virus eradication more difficllt;2) Infection of long-lived immune

cells; 3) HIV genetic diversity (especially in its envelope); 4) Persistent high viral

replication releasing up to 10 billion viral particles per day, andl or production of

immunosuppressive products or proteins; 5) The lack of readily accessible small

animal models; 6) The lack of a clear naturally occurring state of immunity to

challenge, that could provide a model. In addition, traditional neutralising antibody is

sufficient for some vaccines, but vaccines aimed at stimulating neutralising

antibodies were unable to prevent HIV infection.

Generally, live attenuated vaccines are considered more effective than inactivated

virus or purified protein subunit vaccines, because live attenuated vaccines have

better ability at stimulating CD8 T-cells than inactive immunogens. Currently more

than 20 HIV vaccines designed to stimulate T-cell responses are being developed.
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These are based on the idea that induction of strong CD8 and CD4 T-cell responses

through vaccination will abort or control early HIV infection after challenge.

Cytotoxic CD8 T cells kill infected cells and hence halt production of virus. CD8

cells may also inhibit entry of HIV-I by releasing the p-chemokines RANTES, MIP-

1o and MIP-l p, which compete for the CCR5 receptor (McMichael & Hanke,2003),

and other cytokines with antiviral activity. In studies of rare individuals who are

highly exposed to HIV but remain uninfected for prolonged periods of time, strong

CD8 T-cell responses have been observed. Such individuals can also have CD4 T-

cell responses to HIV but no serum antibodies (McMichael & Hanke, 2003). This

lends support to the idea that vaccination that leads to a strong CD8 T-cell response

may prevent or abort early infection in humans (Kaul et al., 2001, Rowland-Jones et

al., 1998).

Some recent vaccines designed to stimulate CD8 and CD4 T-cell immunity have

shown promising results in animal models (Amara et al., 2001, Barouch et al., 2000,

Belyakov et a1.,200I, Harvey et al., 2003, Shiver et al., 2002). Thus, HIV/AIDS

vaccine development is a long-term and very challenging campaign, which needs

further major efforts from the research communities.

1.4 HIV/AIDS treatment

Compared with HIV/AIDS vaccines, treatment of HIV infection has made significant

more progress. When AIDS was first recognised in 1981, patients did not often live

longer than one or two years following the onset of AIDS. A number of antiviral

drugs, which specifically intemrpt viral replication, have since been developed,

which allow infected individuals to live longer and healthier. These drugs include
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inhibitors targeting essential steps of HIV-1 replication including virus entry, reverse

transcription, viral protein cleavage, and more recently integration.

Reverse transcriptase inhibitors

Available reverse transcription inhibitors act by specifically targeting the function of

RT and fall into two groups: nucleoside and non-nucleoside inhibitors. Nucleoside

inhibitors QrlRTIs) which result in premature termination of reverse transcription

include Abacavir (Ziagen), Zalcitabine (ddc), Didanosine (ddl, Videx), Stavudine

(d4T, Zerit), Lamivudine (3TC, Epivir), Zidovudine (ZDV), Tenofovir (Viread). In

oontrast, non-nucleoside reverse transcriptase inhibitors Q.INRTIs) bind to RT and

block its enzymatic functions by inducing conformational or other steric effects on

the enzyme active site. These agents include Delavirdine (Rescriptor), Nevirapine

(Viramune) and Efavirenz (Sustiva, Stocrin). Although reverse transcription

inhibitors form the formulation for antiviral treatment in HIV, virus isolates soon

emerge with resistance to these drugs in patients undergoing treatment. Therefore

patients are treated with a combination of drugs also targeting other viral proteins as

discussed below. This further emphasises the importance for continued research of

other candidate antiviral targets.

Protease inhibitors

The viral protease is essential for cleavage of the Gag and Gag-Pol polyprotein

precursors during virion maturation. Protease inhibitors are designed to block the

viral enzyme and thereby inhibit these normal critical functions during HIV-I

replication. Studies have shown protease inhibitor can reduce the amount of virus in

the blood and increase CD4 cell counts (Lim et a1., 2003). Food and Drug
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Administration (FDA) approved protease inhibitors include Amprenavir

(Agenerase), Indinavir (CrixivaQ, Lopinavir/Ritonavir (Kaletra), Ritonavir (Norvir),

Saquinavir (Fortovase), Nelfinavir (Viracept), and Atazanavir (Reyataz). Therapy

involving the combination of RT inhibitors and protease inhibitors, or therapy based

on dual NRTI and an NNRTI combination, is known as Highly Active Anti-

Retroviral Therapy, HAART.

Other inhibitors

Despite the success of HAART in improving the clinical prognosis of HlV-infected

patients, therapeutic options are limited for many patients, particularly those with

extensive treatment experience. Resistance, cross-resistance, and toxicity all

contribute to impairing the long-term efhcacy of current antiviral drugs, necessitating

the development of novel agents. The HIV replication cycle has many processes that

are potential targets for inhibition in addition to the current reverse transcriptase and

protease targets. These include HIV entry, HIV integrase, nucleocapsid assembly,

and Tat proteins. Entry inhibitors can be classif,red as attachment, co-receptor, and

fusion inhibitors according to the stage in the entry process at which they act. Most

advanced in development of these is the fusion inhibitor enfuvirtide (Ball &

Kinchelow ,2003, Burton, 2003, Fletcher, 2003, O'Brien, 2003).

Other problems with current HIV drug treatment regimes do occur, apart from long-

term resistance of FIIV to antivirals. These include the current failure to totally

eradicate virus - infected cells containing integrated proviral genomes with any

current forms of therapy. Another problem compounding this is poor patient

compliance to the treatment regime permitting escape and virus production from
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these stable virus reservoirs. Finally, other problems include unwanted side effects to

drugs and the cost of treatment. Thus, these issues contribute to a situation where

FIIV-| infection is still one of the leading infective causes of human fatality

worldwide.

1.5 Summary

AIDS was first officially detected in United Stated in 1981. HIV-I, the causative

agent, is a complex retrovirus which contains the structural and enzymaiic proteins

Gag, Pol, and Env, and six accessory proteins including Tat and Rev (also called

regulatory proteins) and Vif. Although the mechanism of HIV infection in some

human cell types, such as microglial, dendritic and Langerhans cells, has not been

fully investigated, the process of HIV replication in CD4 T cells is relatively well

described. When HIV infects a CD4 T cell the RNA genome is reverse transcribed to

DNA in the cytoplasm of the cell, the newly synthesised DNA then enters the

nucleus and is integrated into host cellular DNA. Under the regulation of cellular

factor(s), such as NF-kappa B, and viral proteins including Tat and Rev, the HIV

genome is transcribed and translated proteins assemble to form mature virions. HIV

infection of human cells leads to CD4 T cell depletion in the host, eventually leading

to the development of AIDS. The use of highly active antiretroviral therapy

(HAART) has made it possible to reduce the plasma viral load of most infected

individuals to undetectable levels and slow progression of this disease. However

despite successful control of plasma viremia in HlV-infected individuals undergoing

HAART, FIIV-I DNA continues to persist in peripheral blood mononuclear cells

(PBMC) and accompanied by low level viral replication in lymphoid tissues (Cavert

et al., lgg7, Perelson et al., 1997). Moreover, drug resistant strains inevitably emerge
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during HAART. In the absence of a suitable vaccine for HIV-I infection, HIV is still

a major infective cause of human fatality worldwide. In the past, treatment of HIV-I

infection has mainly focused on triple drug combinations including inhibitors of

reveÍse transcriptase and protease (Chun et al., 1997).It is clear that more pathways

for drug intervention must be found.

HIV viral infectivity factor, Vif is the most conserved viral accessory protein in HIV

and other lentiviruses, such as FIV and SIV. Experiments in vitro using numerous

laboratory cell lines have shown that Vif is crucial for viral replication and infectivity

in some eell types but not others (Aldrovandi &. Zack,1996, Gabtzda eL aI.,1992).

Recent research has shown that Vif overcomes a cellular inhibitor (APOBEC3G) that

is present in nonpermissive cell types which predominate in vivo. Further studies

demonstrated Vif could prevent CEM15 packaging and cause CEM15 degradation,

but the mechanisms for these actions have not been fully elucidated. Vif is also

known to interact with a number of other host cellular proteins but the roles of these

additional interactions in the action of Vif are not known. Discovering the molecular

mechanism(s) underlying the role of these cellular proteins in Vif function will be of

great value in further understanding HIV-I replication and virus pathogenesis, and in

identiffing potential new targets for therapeutic intervention and possible vaccines

strategy.

1.6 Hypotheses

l) There may be cellular factor(s) in addition to CEM15/APOBEC3G in human

cells that interact with HIV-I Vif and are involved in Vif function;

2) These factor(s) may affect HIV-I infectivity and /or replication
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1.7 Specific aims

Our laboratory previously isolated two partial cDNA clones from a human leucocyte

çDNA library that interacted with HIV-I Vif by using the Yeast 2-hybrid system.

These two peptide sequences were named novel Vif interacting protein, "NVBP" and

"Triad 3" (Lake et a1.,2003). Since the more recent discovery of other Triad 3 - like

proteins with similar nomenclature, the original partial cDNA clone is referred to as

Triad 3au in this study. In this study the interaction between Vif and Triad 3au and/or

its protein homologue ZIN were examined in mammalian cells, and the biological

relevance of such interactions were investigated. The specific aims of this thesis are:

1) To investigate whether NVBP and Triad 3au interact with Vif in human cells

2) To investigate whether the cellular protein homologue of Triad 3au, ZIN also

interacts with Vif in human cells

3) To examine the cellular distribution of Vif, ZIN and transfected Triad 3au in

mammalian cells

4) To determine what affect an interaction between Triad 3au and/or ZIN with Vif

may have on HIV- infection

5) To discuss the role of an interaction between Vif and ZIN in HIV-I infection in

the context of known interactions with other cell proteins.
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Chanter 2

Materials and Methods

2.1Materials

2.1.1Cells and cell culture

HeLa, 293T and Cos-7 cells were grown in Dulbecco's modified Eagle's medium

(DMEM); and H9, SupTl, CEM-ss, 43.01 and HuT-78 cells in RPMI-I640 medium.

Both media were supplemented with l\Yo feâl calf serum, 2 mM L-glutamine and

1.2 ¡tglml penicillin and 16 ¡rglml gentamycin. HeLa-CDa-LTR-B-gal cells were

cultured in complete DMEM medium with the addition of G418 and Hygromycin B

at final concentrations of 200 pglml and 100 ¡tglmI (medium A) respectively. To

prepare peripheral blood lymphoctyes (PBL) and macrophages, whole blood was

collected and peripheral blood mononuclear cells (PBMC) were isolated using

lymphopreprM (Vital Diagnostics). Briefly, 45 mls of fresh blood was brought to 100

mls with Hanks medium, mixed and divided to four 50 mls of polypropylene conical

tubes (25 mls each tube). Next, 20 mls of lymphoprep was added slowly to the

bottom of each tube. These were then subjected to centrifugation at 4oC 2,000 rpm

20 min in J6 centrifuge (BECKMAN). The white cell layer was taken out carefully,

added to a fresh tube and brought to 50 mls with Hanks. Using the same centrifuge,

these samples were spun again but at 4oC 1,000 rpm 5 min. The supernatants were

removed and the cells were washed with Hanks, and spun to discard the Hanks"

Subsequently, cells of monocytes/macrophage lineage were separated from

peripheral blood lymphoctyes (PBL) by their adherence to plastic. The contamination
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in the described method has been found to be 1-5 per cent of the total cell number

(Harris et aL,1969, Thorsby et a1.,1970)

All cell lines were cultured at 37oC in an atmosphere containing 5%o COz For cell

splitting, adherent cells such as 293T cells and HeLa CD4 cells were split when

grown full confluent using conventional trypsin treatment method. Confluent cells

were washed with 0.01M EDTA PBS and treated with Trypsin 2-3 min, the cells

were then collected when suspended by a centrifugation at 1000 rpm 25 oC 5 min in

GPR centrifuge (BECKMAN). Next, the cells were suspended in culture medium

and divided to fresh flasks. For suspension cells such as HuT78 cells and CEM-ss

cells, cultures were split when grown to high density. These suspension cells were

collected and split using the same method described above.

2.1.2 Bacterial culture

Escherichia coli (E.coti) strain DH5o was propagated in lx LB medium or on plates

containing lx LB and l5glL bacto-agar at 37oC for 12-18 hr. Transformed DH5CI,

was grown in lx LB containing 100 ¡rg/ml ampicillin (Boehringer Mannheim) or on

lx LB and l5glL bacto-agar plates containing 100 ¡rg/ml ampicillin. Bacterial

cultures were stored in LB containing l5o/o glycetol at -70 oC.

Competent DH5o was prepared by growing DH5o to log phase growth (ODooo - 0.6)

in 50 mls LB broth. Cells were pelleted at 6000 rpm in JA-20 rotor (J2-21MIE

centrifuge, BECKMAN) for 10 min at 4 oC and suspended in 25 mls ice-cold 0.1 M

MgCl2 followed by the same centrifugation condition as above. The pellet was

resuspended in 12.5 mls ice-cold 0.lM CaClz and incubated on ice for 20 min. Cells

47



were then collected using the same centrifugation method and resuspended in 1.6 mls

ice-cold transformation buffer (10 mls lM CaClz, 20 mls 80% glycerol' 70 mls HzO).

Cell slurry was aliquoted in 200 pl volumes and stored at -70oC'

Compared to DH5cr cells, Escherichia coli (E.coli) BL1¡ cells are deficient in the

OmpT and Lon proteases, which may interfere with isolation of intact recombinant

proteins. They are designed for high-level protein expression using Tz RNA

polymerase-based expression systems. The BLzr used in this study were taken from

the bacteria stock available in HIV laboratory of IMVS and grown under the same

culture conditions as DH5s cells.

2.1.3 Yeast 4H109 and cell culture

Yeast AHl09 was purchased from Clontech. The parental 4H109 cells were cultured

in Minimal SD Base and Minimat SD Agar Base, either with dextrose (glucose) or

galactose * raffinose (Cat # 8603-l,Clontech). For checking transfection efficiency'

4H109 cells transfected with different combination of pACT2, pGBKTT, pACT2-

Triad 3au, pACT2-NVBP, and pGBKTT-Vif were cultured in SD/-Leu/-Trp. To test

for the interaction between Vif and Triad 3au or NVBP in yeast, 4H109 cells

containing both constructs were cultured in SD/Leu/Trp/Ade/His/X-gal (also see the

section 2.2.1). All these media recipes were adapted from Yeast Protocols Handbook

provided by the same company þrotocol # PT3024-1, Clontech)'

2.1.4 Plasmid vectors

pGBKTT (Cat # K1612-1) and pACT2 (Cat # K1604-A) used for yeast two-hybrid

assay were both purchased from the Clontech. The bait vector pGBKTT carries the
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Kan' marker for selection in E.coli and the TRPI nutritional marker for selection in

yeast (Figure 2.I A). The prey vector pACT2 is a shuttle vector that replicates

autonomously in both E.coli and S.cerevisiae and carries the bla gene, which confers

ampicillin resistance in E.coli. pACT2 also contains the LEU2 nutritional gene that

allows yeast auxotrophs to grow on limiting synthetic media (Figure 2.IB). pCMV-

HA (Cat # K6003-1) and pcMV-Myc (Cat # K6003-1) used in co-

immunoprecipitation experiments were also bought from Clontech (Figure 2.2).

These vectors are similar with the exception of the epitope they express' The

expression vector p3XFLAG-CMV-rM-10 (Sigma, product No' E4401) was a gift

from Dr. Pinghui Feng (Harvard Medical Center). This vector encodes three adjacent

FLAG epitopes (Asp-Tyr-Lys-Xaa-Xaa-Asp) upstream of the multiple cloning

region (Figure 2.3). pGEX 2T was purchased from Amersham Biosciences (Figure

2.4.) andused in GST-Vif fusion protein expression for the GST pull-down assay,

Both Small-scale DNA and Large-scale preparation of plasmid DNA from bacteria

were performed using Qiagen Plasmid Extraction Kits (Cat #s:27104 and 12163)'

2.1,.5 Oligonucleotide sequences

All oligonucleotide sequences used in this project were synthesized by GeneWorks.

Since the different experiments were performed using different experiment systems,

NVBP, Triad 3au or ZIN and Vif were inserted into different vectors (details

described in later chapters). Oligonucleotide pellets were resuspended at the required

concentration in sterile water. The sequences and coordinates of the oligonucleotide

primers used in this study are listed in Table 2.1. Underlined sequences represent

erLzyme digestion sites allowing the PCR products to be subcloned into relevant

vectors after treatment with restriction enzymes.
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Figure 2.1 Vector information of pGBKTT (A) and pACT2 (B)

Adapted from Clotech website http ://www.bdbiosciences. com/clontech/
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Figure 2.2 Vector information of pCMV-HA (A) ønd pCMV-Myc (B)

Adapted from Clotech website http://www.bdbiosciences.com/clontech/
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Figure 2.3 Vector information of p3XFLAG-CMV-I0

Adapted fr om si gma web site http ://www. si gmaaldrich. com
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Figure 2.4 pGEX-2T vector information

Map of the glutathione S-transferase fusion vector showing the reading frame and

main endonuclease restriction enzyme sites

Adapted from web site http ://www5 . amershambio science s. com
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Table 2.1 Oligonucleotide sequences of primers used in this study

Name Sequence Region specific

Vif Ea(+) 5' - c ac ac ac gaattc atggaaaac agatggc a-3' Vif in pGBKTT vector

Vif Eb(+Y
vif DS(A)

5' -cacc gaattc ggatggaaaacagatggc-3' Vif in pCMV-Myc vector

vif s(-y
vif DS(D)

5' -cacacac gtc gacctagtgtccatt cattg-3'
Vif in pGBKTT / pCMV-Myc
vector

vif B(+) 5' -cacacac g gatcc atggaaaacagatggca-3' Vif in pGEX-2T vector

vif E (-) 5' -cacacac gaattcctagtgtccatt cattg-3' -3' Vif in pGEX-2T vector

TrE(+) J' - c ac ac ac g,aattc gaggggaatttc c attc gag- 3'
Triad 3au in pCMV-FIA
vector

TrX(-) 5' -c ac acac ctc ga g agtgggatc ggtc cagagag- 3'
Triad 3au in pCMV-HA
vector

ZnE(+) 5' - c ac ac ac gaattctatggc c gacttc aaaglgc -3' ZIN in p3XFLAG-CMV-10

ZnB(-) 5' -cacacac ggatcct cagaagcgatgccgcggct-3' ZIN in p3XFLAG-CMV-10

SS(+; 5' - ctaactagg gaaccc act gc- 3' NL4.3 strong stop

SSC) 5' - gggtctgagggatctctagt-3' NL4.3 strong stop

NL4(+) 5' -agatctct cgac gcaggact-3' NL4.3 gag

NL4(-) 5' -tctctctccttctagcctcc-3' NL4.3 gag

pCMV(+; 5' - gatccggtactagaggaactgaaaaac-3'
5' end of the inserts in pCMV
vectors

pcMV(-) 5' - acttgtttattgcagcttafaatggtt-3'
3' end of the inserts in pCMV
vectors

CMV3O 5' - aat gtc gtaataac c c c gc c c c gtt g ac g c - 3'
5'end of the inserts tn
p3XFLAG-CMV-10

Znla (+) 5' -atatgccc aagaggcaglctttggatc-3' ZIN later part

MM5' 5' - ctattc gatgatgaagatac c a c ac c aaac c c - 3'
5' end of the inserts in
pACT2 vector

MM3' 5' -aagtgaacttgc g gg gttttt cagtatctac g-3'
3' end of the inserts tn
pACT2 vector

vif DS(B) 5' -tactaatttagtactatc atc c c cta gt g g gat -3' Vif mutant DS insertion area

vif DS(c) 5'-actaggggatgatagtactaaattagtaataac-3' Vif mutant DS insertion area

NvE(+) 5' - c ac ac ac gaattc gacttgc ac agc a gct gc ac - 3' 5'end of NVBP in pCMV

NvX(-) 5' - cac ac ac ctc gagtc aatc ac gagggac c gaga-3' 3'end of NVBP in pCMV

3'-CDS
primer A

5' - aagc agtggtatc aac gc ag a gtac (t) 3 Ovn- 3

(n: a,c,g or t; v: a,g, or c Poly A region of mRNA
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2.1.6 Antibodies

HA-Tag polyclonal antibody (Cat # 3S0S-1) was purchased from Clontech. Mouse

anti-c-Myc is a product of ZYMED LABORATORYES INC, Cat # is 13-2500,

clone #9E10. The Myc-Tag 9811(Cat # 2276) monoclonal antibody and HA-Tag

262K(Cat # 2362) monoclonal antibody were free samples provided by Cell

Signaling Company. Anti-FLAG M2 Monoclonal Antibody was purchased from

Sigma (Product Code F3165). Anti-GST-HRP Conjugate was ordered from

Amersham Pharmacia Biotech (Product code RPNl236). The secondary antibodies

conjugated with peroxidase for use in western blots, (anti-rabbit IgG, (H+L) (Product

#31460) and anti-mouse IgG, (H+L) (Product #31430)), wefe purchased from

PIERCE company. The secondary antibodies for confocal microscopy, Alex Fluor

488 goat anti-rabbit IgG (H+L) (Cat# A-l l00S) and Alex Fluor 546 goat anti-mouse

IgG (H+L) (Cat# A-11003), were purchased from Molecular Probes company. All

antibodies were used at concentrations recommended by the manufacturer or at

optimized concentrations determined in preliminary experiments.

2.1.7 Commonly used buffers and solutions

DNase buffer (5x):

0.25 M Tris-HCl pH7.5,35 mM MgCl2, 2.5 mM DTT

Ethidium stock solution:

10 mg/ml ethidium bromide (Sigma) dissolved in DDV/ to reach a concentration 4

pglml and store at 4oC in a dark bottle.

LB (lxlr
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l0 glL bacto-tryptone, 5 glLbacto-yeast extract,I0 glL NaCl

PBS:

140 mM NaCl, 3 mM KCl, 1 mM KHzPOa, 8 mM NazHPO+

SSC (1x)

150 mM NaCl, 15 mM trisodium citrate, pH 7.0

TAE llxl

40 mM Tris-acetate, 1 mM EDTA

TBE (lx):

90 mM Tris, 90 mM Boric acid and 2.4 mM disodium EDTA

SDS gel loadine buffer (6x):

0.35 M Tris-HCl (pH 6.8)

10.28% (w/v) SDS

36% (vlv) Glycerol

5%o þ-mercaptoethanol

0.012% bromphenol blue

RNA loading buffer (5xl;

l6 pl saturated aqueous bromophenol blue solution

80 pl 500 mM EDTA, pH 8.0

720 ¡i37%(12.3 M) formaldehyde

2 ml I00Yo glycerol
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3.084 ml formamide

4 ml 10x FA gel buffer

RNase-free water to l0 ml

TBS (1x):

50 mM Tris pH 7.4

135 mM NaCl

Transfer Buffer (1x):

48 mM Tris

39 mM Glycine

SDS (0.0375%wlv)

20% Methanol

Running buffer (5x):

Tris 15 glL pH 8.3

Glycine 72 glL

SDS 5 elL

HIRT Solution 1 (lxl:

5 mM Tris pH 7.7; l0 mM EDTA

HIRT Solution 2 (1x):
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10 mM EDTA; 5 mM Tris pH 7.7;1.2% SDS

Formaldehyde agarose (FA) buffer (10x):

200 mM 3-[N-Morpholino] propanesulfonic acid (MOPS) (free acid)

50 mM sodium acetate

trO mM EDTA

pH to 7.0 with NaOH

FA gel runnine buffer (1xl:

100 ml 10x FA gel buffer

20 ml 37 %(12.3}lI) formaldehyde

880 ml RNase-free water

2"2 Methods

2.2.1Investigation of Vif/Triad 3au or NVBP interactions in yeast

Detailed procedures for using the yeast two-hybrid system were provided by

Clontech. Briefly, yeast strain AHl09, which has the ADE2, HIS3 and IacZ (or

MELI) reporter genes under the control of distinct GAL4 upstream activating

sequences (UASs) and TATA boxes (Figure 3.3), was used as the recipient host. To

improve the transformation efficiency, sequential transformations were performed.

The yeast strain 4H109 was first transformed with the bait plasmid pGBKTT-Vif

and recipient cells were selected by growth on tryptophan (Trp)-deficient synthetic

dropout (SD) media. Cells harboring this bait plasmid were checked for self-

activation on SD media lacking Trp. Yeast cells pre-transformed with bait plasmid

were then transformed with the isolated plasmids pACT2-Triad 3au or pACT2-
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NVBP and transformants were selected on SD medium lacking Trp and Leucine

(Leu). Grown clones then were streaked onto SD medium lacking Adenine (Ade),

Histidine (His), Leu, Trp. Clones, which could grow on Ade, His, Leu, Trp deficient

SD medium wele screened by a-gal, a substrate for lacZ encoding beta-

galactosidase. Blue clones were isolated and their plasmids were prepared and

analysed by DNA sequencing (MM5' and MM3' primers) (see table 2.1). Both

strands of an insert were sequenced. Once sequences of library isolates were

obtained, homology searches for the DNA sequences were performed at the National

Center for Biotechnology Information with the BLAST network service.

2.2.2 Production of Triad 3au DNA probe

The pHA-Triad 3au construct was subjected to double restriction eîzyme digestion

and agarose gel electrophoresis. The Triad 3au specihc band was extracted using

QlAquick Gel Extraction Kit (Qiagen Cat #: 28704) following the direction of the

manufacturer. The concentration of the Triad 3au DNA was determined by using an

Ultra spec 3000 Spectrophotometer (Pharmacia Biotech). The Megaprime Kit was

employed for DNA labelling. Briefly, 100 ng of Triad 3au DNA was diluted in 5 pl

dH2O, 5 pl Megaprime primer solution was added and the mixture heated to 100 
oC

for 5 min. The reaction was spun briefly and allowed to cool to room temperature.

Next, l6pl of dHzO was added, followed by 4 ¡rl of each non-labelled nucleotide:

¿GTP, dTTP and dCTP; 5¡rl of reaction buffer; and 5 ¡rl of p32 labelled nucleotide cr

dATP (Pharmacia Biotech). The mixture was briefly spun to collect it in the bottom

of tube, 2 pl Klenow fragment was added, and the sample was mixed and incubated

at37 oC for 10 min. After adding 45 ¡il of dH2O, the mixture was spunthrough a
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G50 Sephadex spin column. The eluted probe was boiled for 5 min, placed on ice for

5 min, and finally added to the hybridisation solution.

2.2.3 Rl\A extraction and Northern blot analysis

Total RNA extracts were made from different cell types using the TriZol reagent

(Invitrogen, Cat # 15596-018,). Suspension cultures of each cell type (5-10 x 106

cells) were pelleted, 1 ml TriZol was added and the cells were homogenized by

passing through a pipette several times. The samples were incubated at room

temperature (RT) for 5 min and 0.2 ml chlorofoÍn was added followed by vigorous

shaking for 15 seconds. After 3 min RT incubation, the sample was spun at 12,000 g

for 15 min at 4oC. The aqueous upper phase containing the RNA was then

transferred to fresh reaction tubes and precipitated by adding 500 pl isopropanol.

Samples were incub atad at RT for 10 min and then spun at a 12,0009 for 10 min at 4

oC. The precipitated RNA was washed in 1 ml of 75Yo ethanol, vortexed briefly and

re-spun at 7 5009 for 5 min at 4 oC. The RNA samples were air dried for 1 5 min.

Fresh total RNA extracts were separated on I.2Yo agarose/formaldehyde (FA) gel.

DNA grade agarose (Progen) (1.32 grams) was dissolved in 110 mls RNAase-free

water and allowed to cool to 65 oC in a water bath, 1.98 ml of 37%o (12.3 M)

formaldehyde and I ¡rl of a 10 mgiml ethidium bromide stock solution were added,

and the solution was mixed thoroughly and poured onto gel support. Prior to

applying samples, the gel was equilibrated by running in lx FA gel running buffer

(see 2.1.7) for at least 30 min. The RNA samples (5 pg) were dissolved in 5x RNA

loading buffer, loaded onto the pre-equilibrated gel and electrophoresed at 5-7 V/cm

in lX FA gel running buffer 2 hr. The samples were then transferred to a Nt
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membrane (Amersham Pharmacia) by capillary action overnight using a 20x SSC

solvent. The membrane filter was UV cross-linked twice at 1200 mega-joule using

StrataGene UV cross linker for 60 seconds each, and then prehybridised in

ULTRAhybtt brrff.. (Ambion, Cat # 3670) for at least 30 min at 42oC in a Robins

Scientific Hybridisation Oven. Denatured DNA probe (see 2.2.2) was added directly

to prehybridisation buffer, together with 300 ¡rl of 10 mgiml salmon spenn that had

been heat denatured separately at 85 
oC for 5 min. Hybridisation was carried out at 42

oC in a hybridisation oven for 12-24 hr. The membrane was then washed in 2x SSC

plus 0.1% sDS at 42oC for 30 min,0.2x ssc plus 0.1% sDS at 50oc for 30 min,

and finally 0.2x SSC plus 0.1%SDS at 60oC for 30 min. The membrane was scanned

by a Typhoon 9410 variable mode imager (Molecular Dynamics) and the 32P-labelled

bands were visualised and quantified.

2.2.4 Polymerase Chain Reaction (PCR)

For each reaction, I prl (5 U/¡rl) of polymerase Taq Gold (Roche, Part No. 808345)

was added to a final volume of 100 pl containing a pair of primers (15-20 pmol

each), 100 ng template DNA, 8 pl 25 mM MgClz, 8 pl 2.5 mM deoxynucleotide

triphosphates (dNTPs), and 10 pl 10 X PCR buffer. PCR was performed for 30-35

cycles using the Perkin-Elmer GeneAmp PCR system 2400 (Perkin-Elmer

Corporation). The programs for each PCR were varied slightly depending on the

template or primer characteristics. PCR amplified DNA \¡r'as examined by 1%

agarose gel electrophoresis (100 volts) and used for further experiments.
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2.2.5 Determination of the full-length Triad 3au cDNA sequence

Total RNA was extracted from 43.01 cells using TriZol reagent (section 2.2.3), and

the purified RNA and also total RNA from human placental tissue (provided by

Clontech as a positive control) \ilere pretreated with DNAase to exclude

contaminating human chromosome DNA. These were then used for further RT PCR

reactions. The cDNA was synthesised by using SMARTTM RACE cDNA

Amplification Kit (Clontech Cat # 634914) following the protocol of the

manufacturer. Total 43.01 RNA (50 ng-l pg in 4 pl) was mixed with 1¡rl 3'-CDS

primer A in a 0.5 ml microcentrifuge tube and the mixture was incubated at 70oC for

2 min and cooled on ice for 2 min. Next, 2 ¡tI 5x 1o strand-buffer, 1¡rl DTT (20 mM),

1 ¡rl dNTP Mix (10 mM) and lpl Powerscript Reverse Transcriptase were added to

the mixture followed by a 1.5 hr incubation at 42oC. A positive control was set up in

parallel using the human placental RNA contained in same kit. Both RNAs were

reverse transcribed in duplicate reactions, differing by the presence of either lpl

Powerscript Reverse Transcriptase or 1 pl sterile water. The reaction product was

diluted l:5 with Tricine-EDTA buffer contained in the kit, and heated for 7 min at

72oC. The product was then kept at -20oC for future use. These newly synthesised

cDNAs were used as templates for further nested PCR experiments. Since data

searches indicated that Triad 3au represented an inner section of the full length ZIN

gene, two pairs of primers were synthesised based on reported ZIN nucleotide

sequence information (Chen et al., 2002).In particular the inside forward primer ZnE

(+) contained an EcoR lsite at its 5' end and the reverse primer ZnB (-) contained a

BamHl site at its 3' end. The PCR was performed using Taq gold as described in

section 2.2.4. The PCR product was then treated with restriction enzymes EcoRI and
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BamHl and subcloned into p3Flag expression vector. This construct was confirmed

by sequencing described in next section.

2.2.6 DNA constructions

The mammalian plasmid expressing HA-tagged Triad 3au was produced by PCR

amplification of Triad 3au cDNA isolated from a human leukocyte cDNA library

(Clontech) using the flanking sequence specific primer pair TrE (+) and TrX O. The

PCR product was digested by restriction enzymes EcoRI and XhoI and cloned

downstream of the hemagglutinin (HA) epitope tag sequence and the

cytomegalovirus (CMV) immediate early promoter of pCMV-HA (Clontech).

Similarly NVBP oDNA (Lake et al., 2003) was PCR amplified by using primer pair

NvE (+) and NvX (-), and the PCR product was digested by the same restriction

enzymes, cloned into pCMV-HA and named pHA-NVBP"

Full-length ZIN cDNA prepared by PCR from cDNA synthesised from total RNA

extracted from 43.01 cells (see section 2.2.5) was subjected to restriction enzyme

digestion with EcoRI and BamHI and cloned downstream of the Flag epitope

sequence and CMV promoter in p3XFlag-CMV-l0 (Sigma) to generate the

expression plasmid encoding ZIN þFlag-ZIN). The expression plasmid expressing

HIV Vif þMyc-Vif) was generated by cloning the full-lenglhvif gene, amplified by

PCR from pNL4.3 HIV-I plasmid DNA using primer pair vif Eb (+; and vif s (-)

and digested by EcoRI and SalI, into the protein expression plasmid pCMV-Myc

(Clontech), downstream of the c-Myc epitope tag sequence. In addition, to express a

GST-Vif fusion protein in E.coli under the control of the chemically inducible rac

promoter, the Vif gene was amplified with primer pair VifB (+) and VifE (-),

digested by BamHI and EcoRI and cloned into the plasmid pGEX 2T (Amersham
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Biosciences) downstream of the glutathione S-transferase (GST) sequence (hereafter

called pGST-Vif). All restriction enzymes for producing the above constructs were

purchased from Biolabs. The cDNA sequences of all the above constructs were

confirmed by sequencing using ABI Prism@ BigDye Terminator Sequencing

reaction kits (PE Applied Biosystems) and plasmid-specific forward and reverse

primers. Homology search of nucleotide and deduced protein sequences was

performed using the GenBanktt database.

2.2.7 Transient cell transfection

For DNA transfection of human 293T cells, cells were seeded in 1O0-mm-diameter

dishes at a density of 2x106 cells in 12 milliliters of DMEM cell culture medium, and

maintained at 37 oC, 
5Yo COz On the following day, separate cultures were used for

transfection. To examine the interaction between Vif and Triad 3au or NVBP in

293T cells, cells were singly transfected with 5 ¡rg plasmid DNA, eg. pMyc-Vif,

pHA-Triad 3au or pHA-NVBP using SuperFect@ transfection reagent (Qiagen Cat #

301305) according to the manufacturer's recommendations. In cotransfection

experiments, separate cultures were co-transfected with 5 ¡rg each of pMyc-Vif and

pHA-Triad 3au plasmid DNA, or 5 pg each of pMyc-vif and or pHA-NVBP. To

examine whether Vif interacted with ZIN in 293T cells, cotransfection was

performed using the same procedure described above but replacing pHA-Triad 3au

with pFlag-ZIN. As a negative control, 5 pg of each pMyc-Vif and pFlag plasmid

were co-transfected. For GST pull-down experiments, Flag-ZIN protein was also

produced In 293T cells, and 10 pg of pFlag ZIN was used for transfection. All

transfected cell cultures were split and re-seeded into two 100 mm diameter dishes at

24Iu after transfection and ineubated for a further 24hrbefore harvesting.
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2.2.8 Western Blotting

Polyacrylamide gels \¡r'ere set-up using the Bio-Rad gel preparation and

electrophoresis apparatus. Gels consisted of a l2Yo resolving layer and a 5% stacking

layer. The resolving gel was formulated to contain 9.9 mls dHzO, 12 mls 30Yo

acrylamide solution (lg Bis-acrylamide, 72.5 mls 40Yo acrylamide (Bio-Rad), and

27.5 mls dHzO),7.5 mls 1.5 M Tris pH 8.8 and 300 pl 10% SDS (5 grams of SDS in

50 mls dH2O). The gel was polymerised by addition of 300 pl of 10% APS w/v and

30 pl N,N,N',N',-tetramethylethylenediamine (TEMED) (Bio-Rad). The stacking gel

was formulated to contain 6.8 mls dHzO, 1.7 mls 30Yo acrylamide solution, 1.2 mls

of lM Tris pH 6.8, and 100 ¡rl of 10% SDS, and was polymerised by addition of 100

¡.rl of 10% APS and 10 ¡rl of TEMED"

After boiling for 5 min, 60 pg protein samples were loaded onto the gel and the gel

was run at 160 volts for 3 hr. Proteins were then electroblotted onto HybondrM-C

membrane (Amersham) at 75 mA for 1.5 hr (transfer buffer see 2.1.7). The

membranes containing transferred proteins were blocked in TBST containing 5%

milk for 30-60 min before incubating with primary monoclonal antibodies or

polyclonal antibodies. Under certain circumstances, blocking and incubation with

primary antibodies were extended to overnight followed by 3 washes (15 min each)

with TBST (see 2.1.7). The secondary immunoreaction was performed using

horseradish peroxidase-linked goat anti-mouse (PIERCE) or goat anti-rabbit IgG

(PIERCE). After 3 washes (15 min each) with TBST, the blots were detected using

SuperSignal West Dura Extended Duration substrate (PIERCE). X-ray film exposed

to blots (Kodak X-Omat-K) was fixed and developed using an Ilfospeed2240 X-ray

film developer (Ilford).
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2.2.9 Co-im munoprecipitation analyses

Transfected 293T cells from two separate 10O-mm-diameter dishes were harvested

and subsequently combined 48 hr after transfection. The cells were then lysed in 800

pl lysis buffer containing 1% Nonidet P-40, 50 mM Tris-HCl pH 8.0, 100 mM NaCl

and I mM EDTA plus protease inhibitor cocktail (Roche, 1 tablet for 10 mls lysis

buffer). The lysates were sonicated for 3 separate 10 second pulses before

centrifugation at 13,500 rpm at 4 oC for 10 min in a Biofuge 17 RS centrifuge

(Hereaus) to remove cell debris. Clarified cell lysates were immunoprecipitated by

adding rabbit polyclonal antiserum (1.8 pg anti HA) ora monoclonal antibody and

then incubating for 12 hr at 4oC. Next, 100 ¡rl of a 50Yo suspension of protein-A

Sepharose@ CL-48 beads (Pharmacia) was added and the reactions were incubated

for a further t hr. The sepharose CI--4B beads containing immuno-protein complexes

were pelleted, washed 3 times in lysis buffer, and then boiled in 100 pl denaturing

SDS protein loading buffer. The eluted proteins were analysed by western blotting.

Co-immunoprecipitated proteins present on the membrane were detected with mouse

anti-Myc antibody or Vif specific rabbit antiserum followed by horseradish

peroxidase-linked goat anti-mouse or goat anti-rabbit IgG (see section 2.2.8). For

ViÈZIN co-immunoprecipitation analysis, the procedures were similar to Vif-Triad

3au co-immunoprecipitation with the exception of using different antibodies. Briefly,

2 ¡tg F\ag-specific monoclonal antibody was used for immunoprecipitating Flag

tagged ZIN protein, and Vif specific rabbit polyclonal antibody was applied as a

primary antibody in western blot analysis for examining co-immunoprecipitated Vif

protein.
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2.2.10 Immunofl uorescent staining

To examine the localisation of Vif and Triad 3ar./ ZIN in transfected cells, confocal

microscopy was employed. The images were produced using the BioRad Radiance

2100 confocal microscope (Bio-Rad Microscience Ltd, UK) equipped with three

lasers, Argon ion 488 nm (14mw); Green HeNe 543 nm (1.5 mw); Red Diode 637

nm (5 mw) outputs and an Olympus lx 70 inverted microscope. The objective used

was a 60x UPLAPO with NA:l.4 oil. The dual labelled cells were imaged with two

separate channels (PMT tubes) in a sequential setting. The Alexa 488 was excited

with Ar 488 nm laser line and the emission was viewed through a HQ515/30 nm

narrow band barrier filter in PMTI. The Alexa 546 was excited with Green HeNe

543 nm laser line and the emission was viewed through a long pass barrier filter (570

LP) to allow only red light wavelengths automatically pass through PMT2" All

signals from PMTs I and 2 werc merged. The image data were stored on a CD for

further analysis using a confocal Assistant software program for Microsoft?

'Windowsrt 
lTodd Ctark Brelje, USA). 293T cells were transfected with pMyc-Vif

and pHA or pMyc-Vif and pFlag control plasmid, or pFlag-ZIN and pMyc control

plasmid (also see results section), or co-transfected with pMyc-Vif and pHA-Triad

3au or pMyc-Vif and pFlag-ZIN using the SuperFect transfection reagent as

described by the manufacturer. On the next day, the transfected cells were split and

re-seeded on glass coverslips for24 hr, before being fixed to the coverslips with 1%

formaldehyde for 30 min at room temperature and by permeabilised in 0.05%

IGEPAL (SIGMA) for 20 min at room temperature. Duplicate, but non-

permeabilised, coverslips were used for detection of surface membrane protein

staining only. Immunostaining was performed by sequential incubation with primary

Vif-specif,rc rabbit polyclonal antibody or mouse anti-Flag antibody or mouse anti-
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HA antibody, followed by Alexa Fluor 546 goat anti-mouse IgG or Alexa Fluor 488

goat anti-rabbit IgG secondary antibodies. For nuclear staining, cells were stained

with 5 ¡rglml Hoechst 33342 (Molecular Probes) for 20 min at room temperature.

The dually labetled cells on coverslips were mounted using prolong antifade media

(Cat # P-748I, Molecular Probes) and sealed to slides using nail polish oil for

confocal microscope examination. Confocal images of cells were obtained using a

BioRad Radiance 2100 confocal microscope.

2.2.11GST fusion protein pull-down assay

Plasmids pGST and pGST-Vif were transformed into E.coli BL2I cells using the

CaClz method. At an optical density (ODooo) of 0.8, the cells were induced with

IPTG (0.2 mM final concentration) at 30oC for 3 hr. The cells were then collected by

centrifugation at 6000 rpm in a JA-20 rotor (J2-21MÆ centrifuge, BECKMAN) for

30 min at 4 oC. Cell pellets were lysed at 4oC for 30-60 min using lysis buffer

containing 25 mM Tris/HCl pH7.4, 150 mM NaCl, 10% glycerol, 1 mM DTT,

protease inhibitor cocktails (Complete Mini; Roche) and 0.05% Triton X-100. The

lysates were then subjected to centrifugation (Biofuge 17 RS centrifuge) at 13,500

rpm, 4oC for 10 min to remove cell debris. Since the level of GST-Vif protein

expressed in E.coli B.L2I was much lower than the level of GST protein, the GST

protein used as negative control was adjusted to the same level as GST-Vif protein.

To quantitate the amount of protein, serial dilutions of GST protein together with

equal volume of GST-Vif protein were resolved in SDS-PAGE gels and stained with

coommassie-blue (also see section 4.2). Thus, to perform pull-down assay, 800 pls of

GST-Vif protein lysate and 800 pls of GST protein lysate (16 uls of original GST

protein lysate was added to 784 uls of lysis buffer, l:50 dilution) were incubated with
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100 ¡rls Glutathione-Sepharose CL-48 beads (Pharmacia Biotech) at 4oC for 3 hr and

the beads containing the complexed GST-Vif fusion protein or the complexed GST

protein were pelleted and extensively washed with lysis buffer.

Next, 293T cells were transfected with the pFlag-ZIN expression plasmid as in2.2.7

and then lysed in the same lysis buffer as described in the above paragraph followed

by centrifugation in a Biofuge 17 RS centrifuge at 13,500 tp-, 4oC for 10 min to

remove cell debris. Fresh 50 ¡rl (or 100 prl 50% sluny) glutathione-Sepharose CL-48

beads were added to the cell lysates, incubated at 4 oC for I hr and then removed by

centrifugation and this step was repeated once using 50 ¡rl of fresh beads complexed

with GST protein. The aim of this procedure was to remove non-specific

intermediate proteins in the lysates that might have been also pulled down with the

beads. Equal quantities of glutathione Sepharose CL-48 beads (50 pt) complexed

with GST-Vif fusion protein ?2 Vg), or beads complexed with GST alone (-2 pg

protein), were added to separate samples of pre-cleared pFlag-ZIN cell lysates. The

mixtures were then incubated 2-3 hr at 4oC to allow opportunity for interaction

between pFlag-ZIN in the cell lysates and proteins bound to the beads. The

glutathione Sepharose CL-48 beads together with their bound proteins ('pull-

downs') were then pelleted at 2,000 rpm in a microcentrifuge. The pellets were

washed 3 times using the same lysis buffer, and the bound proteins were released by

boiling and separated on SDS PAGE gels. As described in section 2.2.8, proteins

were then electroblotted onto HybondrM-C membrane (Amersham) at75 mA for 1.5

hr (transfer buffer see 2.1.7). The proteins were analysed by western blotting using

anti-Flag antibody to detect ZIN, anti-GST antibody to detect GST protein or the

GST-Vif fusion protein, and hnally anti-Vif polyclonal antibody to detect Vif
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(section 2.1.6). These assays were performed sequentially by using the same filter

with successive stripping of the previous antibody (incubated in 50 mM Tris pH 7.5,

2% SDS and37 mM B-mercaptoethanol 50oC for 20 min followed by 3 times washes

with TBST).

2.2.12 Production of HIV NL4.3 stocks

HIV viral stocks were produced in 293T cells. Briefly 293T cells were co-

transfected with plasmid pNL4.3 (5 frg) and plasmid pFlag-ZIN (5 pg) or plasmid

pNL4.3 (5 frg) and control plasmid pFlag (5 pg), or Avf pNL4'3 (5 ¡rg) and pFlag-

ZIN (5 pg), or ÂvfpNl4.3 (5 pg) and pFlag (5 pg) in 1O0-mm-diameter plates, and

the culture supernatants were collected 48 hr after transfection. The supematants

were filtered using a0.2 pm filter, lO-fold diluted in triplicate. HIV p24 levels in the

virus culture medium were measured from serial dilutions (inactivated by treating

285 ¡rl of each dilution with 15 ¡tl l0% Triton X-100 at 4oC overnight) by ELISA

analysis using HIV-I p24 analysis kit (PerkinElmerrM, Cat # NEK050B). These viral

stocks were stored at-70 oC for further experiments.

2.2.L3 Single-cycle viral infectiviff assay

Single --cycle viral infectivity assays were carried out in HeLa-CD4-LTR-B-gal cells

(Kimpton & Emerman, 1992), grown as described in section 2.1.1. Individual wells

of a 48-well plate were pre-seeded with 1.5x104 HeLa-CD4-LTR-B-gal cells in 300

pls medium A (see section 2.1.1) on the day before infection. On the next day,

medium A was removed and cells (approximately 20Yo confluent) were washed twice

in PBS. The cells were infected with 100 ¡rls/well of neat and virion dilutions from
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l0-r to10-3 (3 wells per dilution). To make these dilutions, 70 (or 35) pls of 400

nglml p24 virus stock (neat) was diluted in 630 (or 315) ¡rls medium B (DMEM 50

mls containing no serum or antibiotics but 1 mg DEAE Dextran). Cells treated with

medium B containing no virus were used as negative control. The cells were

incubated at 37oC for 2-4 hr at normal cell culture condition followed by three

washes in PBS. These cells were then incubated in fresh culture medium A for a

further 30 hr, then washed in PBS and fixed inl%o formaldehyde in PBS for 10 min.

The cells were again washed 3x in PBS and then incubated in X-gal staining solution

(5 mM potassium fenocyanide, 5 mM potassium ferricyanide, 2 mM MgCl2 and 1

mg/ml X-gal) for exactly 50 min. The staining solution was removed and cells were

washed twice in PBS. Finally blue colonies were counted under a microscope, and

wells corresponding to the virus dilution in which at least 80-100 blue colonies per

well were present were used for quantitation of infectivity.

2.2.14 Viral titres (TCIDso)

For TCIDs6 titration, virus dilutions were generated from the same stocks using the

same method described in section 2.2.13. except that viral stocks were diluted from

10-r to l0-5. Neat and each dilution were incubated with 1.5x105 HuT-78 cells at

37oC for 2 hr. The cells were washed twice in fresh medium and resuspended in I.2

ml medium, and then 200 ¡rl aliquots were plated out into 6 individual wells of a 48-

well plate. Six days post infection (pi) the supernatants were inactivated using the

same method described in section 2.2.12. These mixtures were then assayed fot p24

level by ELISA. Each well was scored positive or negative based on viral p24

amounts. The virus titre, expressed as TCIDso/ml, was then calculated from dilution
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of the virus stock at which 50% of wells were infected using the protocol available in

HIV laboratory of IMVS (Procedure No. RHIV 0l-05 Vl).

2.2.15 Extent of reverse transcription in newly infected target cells

To measure the levels of reverse transcription in newly infected HuT-78 cells, in

culture supernatants from 293T cells co-transfected with either pNL4.3 or pNL4.3

(lvtfl together with either pFlag or pFlag-ZIN were used as virus inocula.

Equivalent amounts of each inoculum (measured as 10 ng of HIV p24) were

separately added to HuT-78 cells (1.5 x 105), and virus adsorbed by centrifugal

enhancement for I hr at 37"C (Vandegraaff et al., 2001). Cells were then washed

twice in fresh medium and divided into duplicate wells. The wells were harvested 16

hr and 24 fu pi and unintegrated low-molecular-weight DNA was extracted by the

Hirt method as follows. Infected cells were spun at 5,000 rpm in a microcentrifuge

for 2-3 min, the medium was removed, and the pellets were flicked and subsequently

resuspended in the remaining media. PBS 800 ¡rl was then added to resuspend cells

followed by a low spin as above. Supernatants were discarded and the pellets were

resuspended in 160 pl Hirt solution I (section 2.1.7). Next, 20 ¡rl of proteinase K (10

mg/ml) was added, followed by 200 pl of Hirt II solution (section 2.1.7). The

mixtures were incubated at 37oC for 30 min, 100 pl of 5 M NaCl was added, and the

mixture was incubated at 4oC for more than 3 hr. All samples were spun at 17,0009

at 4oC for 45 min, the supernatants were transferred to new tube, and DNA was

extracted using the conventional phenol/choroform/IAA (25:24:I) method. To

minimise sodium dodecyl sulfate contamination of the DNA preparations, all ethanol

precipitations were performed at room temperature. DNA preparations were

resuspended in water (Vandegraaff et al., 2001)"
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HIV DNA levels present in the Hirt supernatant were quantified against pre-titrated

HIV copy number standards (Vandegraaff et al., 2001) by real-time PCR using

primer pair SS (+) and SS G) specific for strong-stop DNA (U5-U5), or primer pair

NL4 (+) and NL4 (-) specific for the U5-Gag region reverse transcription product.

Each real-time PCR reaction contained 5 pl of Syber Green (Molecular Probes),

0.75p1 of primer pairs (10 pmol/¡rl), 1.5¡rl of HzO and 2¡t"l Hirt DNA. The PCR

reaction was performed using Rotor Gene Real Time machine (Corbett Research).

Results were analysed using Rotor-Gene Analysis Software V6.0'

2.2.16 Site-directed mutagenesis of HIV-I Vif

Alexander et ql. isolated a natural HIV-I strain (4Y064706) that contained two extra

amino acids (DS) after the position 6l of Vif, leading to poor replication of the virus

in human PBMC cells (Alexander et a1.,2002). A Vif mutant termed "DS mutant"

was created in this study using the overlap insertion PCR technique. Four primers

were designed based on Vif sequence information. Primer Vif DS (A) contained the

EcoRI enzyme digestion site, and primer Vif DS (B) had 6 extra nucleotides

corresponding to the two extra amino acids. They were used for amplification of the

upstream region of Vif DS DNA (named fragment AB). The downstream region of

Vif DS (named fragment CD) was amplified using primer Vif DS(C) containing 6

nucleotides complementary to the extra nucleotides contained in Vif DS (B), and

primer Vif DS (D) specific to the 3' terminus of Vif sequence containing an

introduced SalI erzyme digestion site (see Chapter 4). Fragments AB and CD

obtained from the first round were then used in the second round PCR as template

DNA, in subsequent cycles, flanking primers Vif DS (A) and Vif DS (D) primed
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DNA synthesis (refer to Figure 5.1). Two rounds of PCR were performed using

conventional DNA amplification technique with Taq gold (section 2.2.4).
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Chapter 3

Interaction between HIV-Vif and Triad 3au

3.1 Introduction

Replication of human immunodeficiency virus type I (HIV-l) in all primary cells

and in some butnot in all immortalized T cell lines, depends onthe activity of the

viral infectivity factor (ViÐ. Cell fusion experiments have shown that Vif is required

to counteract a cellular inhibitor present in non-permissive cells (Madani &, Kabat,

1998, Simon et al., 1998a). As described above, a number of cellular factors have

been proposed to be related to this function of Vif. The most convincing factor of

these is APOBEC3G, which was recently identif,red as an inhibitor that blocks

infectivity of Vif-defective HIV-1 variants (Sheehy et al., 2002). More recent studies

have described possible mechanisms whereby Vif can overcome APOBEC3G and

suggested some unidentified cellular clones may involve in Vif function, including

later identified Skpl-cullin-F-box (SCF)-like complex (Yu et a1.,2003). The exact

mechanism whereby Vif overcomes APOBEC3G has not been fully elucidated, and

the full biological relevance of other Vif interacting factors is not clear. Work in this

thesis using the Yeast-2-hybrid system to identify Vif-interacting cellular factors

began in 2001 before APOBEC3G was identified'

The Yeast 2-hybrid system has been used successfully for identification of cellular

proteins interacting with a variety of HIV-1 proteins (Howe et al., 1998, Mahalingam

et al., 1993). Notably the interaction between cyclophilin A and Gag was identihed

in this manner and subsequently found to be important for viral infectivity (Franke et
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à1., lgg4, Luban, 1996). In previous preliminary studies, our laboratofy has

employed this system to identify cellular proteins which interact with HIV-I Vif.

Sixteen clones were isolated from a high stringency yeast-2-hybrid screen of a

human leucocyte cDNA library with Vif derived from the T-cell tropic HIV-I strain

NL4.3. Of these, eight clones confirmed as binding Vif were fully sequenced and

identified via GenBankrM homology searches (Lake et al., 2003). This thesis focuses

on two of these clones: a novel Vif binding protein termed NVBP, and Triad 3au

related to a previously identihed protein Triad 3 (Lake et al., 2003, van der Reijden

et al., 1999).

3.1.1 NVBP

Lake et at. (Lake et al., 2003) sequenced the entire clone NVBP to ascertain

intron/exon boundaries, and preliminary protein modelling showed that this protein

has distant yet significant homology to an uncharacteised Drosophila ring finger

protein. To confirm whether NVBP is expressed in cultured cells, Lake et al

extracted the total RNA from primary cells and cell lines and subjected these RNAs

to Northern analysis. A mRNA of approximately 2.lkb was detected indicating that

NVBP represents a genuine cellular transcript. Of major interest was the observation

that NVBP pRNA was found in non-permissive but not permissive cells (Figure 3.1)

(Lake et a1., 2003). Thus, expression of NVBP was consistent with that of potential

Vif-related cellular inhibitor, and it was selected for further study'

3.1"2 Triad 3au

Triad 3au is a partial clone exhibiting homology to a 218 amino acid region of a

hypothetical protein Triad 3 reported by a Dutch group (van der Reijden et al., 1999).
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Figure 3.1 Northern analysis of expression of NVBP

The expression of NVBP in total RNA (10 ug) derived from permissive cells (P). 1:

HeLa, 2: CEM-ss, 3: COST and non-permissive cells (NP) 4: MDM, 5: HuT-78,

GAPDH mRNA was used as a control for equivalent loading in each sample.

Adapted from Lake et a1.(2003)
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Initially, Triad 1 in acute leukemia cells was identified as a nuclear RING finger

protein possessing a unique ring-frnger motif by van der Reijden et al.Following the

initial identification, van der Reijden et al also identified 23 other protein (van der

Reijden et al., 1999). The TRIAD family of proteins possess a novel ring finger

structure or DRIL or "double-ring hnger linked" motif characterized by 6 cysteine

and 6 histidine residues flanked by 2 RING domains to form a triad. Triad 1 was

shown to be upregulated during retinoic-induced granulocytic differentiation of acute

promyelocytic leukemia cells (van der Reijden et al., 1999). Further, based on the

presence of ring finger structures, all Triad containing proteins were hypothesised to

rnediate protein-protein interactions (van der Reijden et al., 1999). Following the

initial report of Triad 3 sequence (AF228527), other homologous sequences became

available in the database including, from Japan (AK024787) and the USA

(BC0007S7). Both the Japanese and USA sequences contained a poly A sequence at

their 3' ends which Triad 3 did not. All Triad 3 related homologue sequences

including our Triad 3au sequence encoded the characteristic ring hnger structures but

their translation initiation sites were not known.

Our previous studies using the yeast two-hybrid system showed that Triad 3au

interacted with Vif but not with the mutant HIV Vif protein, VifM26 carrying

substitutions in residues 105-107 in the Vif protein (Figure 3.2) (Lake et a1.,2003).

VifM26 mutant virus has been shown to exhibit a marked reduction in infectivity on

H9 cells (Simon et a1., 1999b). Therefore, further characteizing the interactions

between Triad 3au and Vif and investigating Triad 3au protein in HIV-I susceptible

cells was also a focus of this study.
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Figure 3.2. Interøction of Triad 3au with Vif mutants

Mutants and their relative infectivity were firstly described by Simon et al (1999). The

characteristics of the interactions between these mutants with Triad 3au were assayed

using the Matchmaker yeast 2-hybid system 3 (Clontech) by Lake J.

Adapted from Lake et al.(2003)



Name Position Mutation Relative
Infectivitv

Interaction
with Triad 3au

WT vlf NA deletion hish yes

Lvtf 28-r92 deletion no

}/{2t 38-40 WFY-AAA yes

}/t26 105-107 OLI-AAA no
]]Û/[29 144-146 SLO-AAA yes

M14 t6r-163 PPL-AAA yes

Lvif 172 n2-t92 deletion low yes

LviflS6 186-r92 deletion high yes



Not all interactions in the yeast two-hybrid system represent biologically significant

interactions in mammalian cells. Since clones Triad 3au and NVBP had been shown

to interact with Vif in yeast cells, the hrst aim which forms part of Chapter 3 was to

re-examine our original finding of an interaction between these isolated clones and

Vif using the yeast two-hybrid system. If confirmed, these interactions would then be

studied further.

Within different cell systems it is conceivable that differences in posttranslational

modifications or other cooperating proteins may significantly affect the interactive

potential of two proteins. Therefore it was also necessary to examine whether Vif

could interact with Triad 3au and NVPB in human cells as had been previously

identifred in yeast cells.

Finally, the subcellular localization of Vif was examined to elucidate cellular

pathways which might be important for Vif function. Early studies suggested that Vif

was predominantly associated with the Golgi complex (Guy et al', 1991)' However,

another immunofluorescence study, using COS cells transfcetd with Vif and HIV-I

infected Jurkat or CEM cells, demonstrated Vif localisation in the cell cytoplasm,

cytosol and cytoplasmic side of the plasma membrane (Goncalves et a1.,1994). Vif

has also been reported to localize in the cytoskeleton (Karczewski & Strebel, 1996)

and nucleus (Chatterji et al., 2000, Goncalves et al., 1995, Simon et al., 1997). The

dehnitive cell localisation of Triad 3 has not been elucidated although protein

structure analysis predicts that a large proportion of TRIAD proteins are nuclear (van

der Reijden et al, 1999). Furthermore, if Vif interacts with Triad 3au in human cells,

the intracellular distribution of Vif might be affected by this interaction. Conversely,

the distribution of Triad 3au might be affected by the presence of Vif in infected
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cells. These effects might mediate Vif function and affect HIV-l infectivity in HIV-1

infection.

3.2lnteraction in yeast between HIV-I Vif and Triad 3au or

NVBP

The Matchmaker Two-Hybrid System 3 (Clontech) overcomes previous difficulties

encountered with yeast 2-hybrid screens by using an extended reporter gene system

to minimise detection of false positives. In MATCHMAKER System 3, a 'bait' gene

(in this case Vif¡ is expressed as a fusion protein linked to the GAL4 DNA-binding

domain (DNA-BD), while genes for the possible interacting proteins (as either the

isolated gene or cDNA) are expressed by the 'prey' vector as fusion proteins linked

to the GAL4 activation domain (AD). When the 'bait' (Vif) and candidate 'prey'

proteins (eg Triad 3au or NVBP) interact, the DNA-BD and AD are brought into

close proximity resulting in transcriptional activation of several reporter genes

HIS3lADE2lLacZ or MELI (Figure 3.3). As described in section 2.1.4, the 'bait'

vector pGBKTT contains the TRP gene, while the 'prey' vector pACT2 for

expression of Triad 3au and NVBP contained the LEU gene. Thus, when both

plasmids are successfully co-transformed into yeast 4H109 cells and the expressed

'bait' and 'prey 'proteins interact, positive transformant yeast will be detected by

high stringency screening on growth medium containing SD/-Ade/-His/-Leu/-TrpD(-

cr,-Gal as blue colonies (Figure 3.4).

In this experiment, constructs pGKBTT-Vif and pACT2-Triad 3au or pACT2-NVBP

were co-transformed into yeast 4H109 cells. As negative controls, pGKBTT-Vif was

also co-transformed with pACT2 vector, and pGKBTT was co-transformed with
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Figure 3.3 Ovewiew of the Yeast 2 Hyhrid System

Upper panel indicates that if the bait protein interacts with a library protein and brings

the GAL4 DNA-binding domain (DNA-BD) and GAL4 activation domain (AD) into

proximity, activation of transcription of the reporter genes will occur.

Lower panel shows the reporter genes contained in the construct 4H109

Adapted from user manual PT3247-| of Clontech http://www.bdbiosciences.com
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Figure 3.4 Principle of the Yeast 2 Hyhrid System sueen

The yeast two-hybrid technique uses two protein domains that have specific

functions: a DNA-binding domain (BD), that is capable of binding to DNA, and an

activation domain (AD), that is capable of activating transcriptions of the DNA. Both

of these domains are required for transcription, whereby DNA is copied in the form of

mRNA, which is later translated into protein. A bait gene (vifl is expressed as a fusion

protein (pink) linked to GAL4 DNA-binding domain (DNA-BD, red), "prey" gerte

(Triad 3au or NVBP) is expressed as a linked protein (purple) to GAL4 activation

domain (AD, yellow). If protein Vif and protein Triad 3au or NVBP ftrink & purple)

interact, then their BD and AD will combine to form a functional transcriptional

activator. The transcriptional activator will then proceed to transcribe the reporter

genes (His, Ade, LacQ, which are genes whose protein products can be easily

detected.
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either pACT2-Triad 3au or pACT2-NVBP. Next, yeast colonies were selected

initially on SD/-Leu/-Trp agar media, and these were then streaked onto agar media

containing SDi-Let/-Trp/-Ade/-HisD(-a-Ga1. All transformants expressing both

pGKBTT-Vif and pACT2-Triad 3au or pACT2-NVBP, or appropriate control

plasmid combinations, were positively selected on SD/-Leu/-Trp agar media (Table

3.1). In contrast only transformants expressing fusion proteins capable of interacting

would grow and appear blue on the selective media SD/-Leu/-Trp/-Ade/-His/X-a-

Gal on account of their promoter induced expression of histidine (HIS 3), adenine

(ADE 2) and B-galactosidase (X-o-Gal).

Table 3.1 Result of testing Vif -Triad 3au/Ì.{VBP interaction in yeast 4H109

* Yes: grow No: did not grow

As shown in table 3.1, transformants expressing either Vif and Triad 3au or Vif and

NVPB, but not control vectors, grew on SD/-Ade/-His/-Leu/-Trpi X-o-Gal selection

medium and appeared blue colonies, indicating that both Vif and Triad 3au (or

NVPB) proteins interacted in the yeast 2-hybrid system, confirming the earlier result

of Lake et a\,2002" The sequences of the cDNA clones Triad 3au and NVBP were

then determined using an ABI Prism@ BigDye Terminator Sequencing reaction kit

(PE Applied Biosystems). Both strands of each cDNA were sequenced and searched

SD/-Ler.r/-Trp SD/-Leu/-TrplAde/-His/ X-a-Gal

pGBKTT-Vif+p ACT2 Triad 3 au yes yes

pGBKTT-Vif+pACT2 NVBP yes yes

pGBKTT-Vif+pACT2 vector yes no

pGBKTT vector+pACT2-T riad 3 au yes NO

pGBKTT vector+pACT2 NVBP yes no

pGBKTT vector+pACT2 vector yes no
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for protein homologues in the GenBankrM database (see section 2.2.6). The 654-

nucleotide Triad 3au cDNA sequence was shorter than the full Triad 3 sequence but

was identical to an internal segment, containing the ring hnger domains of Triad 3.

Figure 3.5 shows the sequence alignment of Triad 3au and Triad 3 reported by Van

der Reijden et a|,1999.

The NVBP oDNA was determined to be 835 bps in length, and was located to human

chromosome 15 (98% nucleotide sequence homology) in the GenBankrM sequence

database (Figure 3.6) but did not correspond to any known protein.

3.3 Interaction between Triad 3au and HIV Vif in
mammalian cells

To determine whether an interaction between Vif and either Triad 3au or NVPB

occurred in mammalian cells, co-immunoprecipitation experiments were performed.

Figure 3.7 shows the mechanism of this experiment. In summary, pairs of proteins

were co-expressed in mammalian cells, the cells were lysed, and one of the protein

species under study was immunoprecipitated using specific antibody and protein A

sepharose I CL-48 beads. Every co-immunoprecipitated protein was then detected by

western blot using a panel of antibodies.

The detailed procedure was as follows. The Vif gene was amplified from HIV-I

NL4.3 DNA by PCR (Figure 3.84) and subcloned into pCMV-Myc with subsequent

confirmation by restriction digest analysis using EcoRI and Sal / (Figure 3.88).

Similarly, NVBP (420 bps) and Triad 3au (654 bps) sequences were amplified by

PCR from plasmid pACT2-NVBP and pACT2-Triad 3au (Figure 3.9) and subcloned
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Figure 3.5 Amino ucid sequence comparison of Triad 3øu ønd Triød 3

AF228527 (GenBankrM) indicates the Triad 3 amino acid sequence isolated by the

Dutch group (upper) and Triad 3au shows the amino acid sequence of our isolate

(lower). Triad 3au amino acid residues that are identical to the Triad 3 sequence are

marked with dots.
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Figure 3.6 NWP homologicøl sequence analysis

The upper lane indicates the NVBP clone nucleotide sequenco. There is a stop codon

located at position 420. NVBP is homologous to the region 122628-123463 of human

Chromosome 15.
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Fígure 3.7 Prínciple of co-immunoprecipitøtion (Co-ip)

Vif protein is tagged with Myc and Triad 3au protein is tagged with HA. If Vif

interacts with Triad 3au, they will form a complex, which can be bound by HA

antibody. When protein A beads are applied to this HA antibody/HA-Triad 3aullvIyc-

Vif complex and collected by centrifugation, Myc tagged bait protein (Vif) will be

present in the immunoprecipitate complex bound to protein A beads via HA-Triad

3au.
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Figure 3.8 Vif detection using 1% ugarose followed by ethìdium

bromide staining

A. Vif amplified from HIV-I NL4.3 by PCR

B. Vif insert cut out from the construct pCMV-Myc-vif by enzymes EcoRI and SaII

double digestion
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Fígure 3.9 NVBP and Triad 3au (in frøme) PCR products

Lane 1: NVBP

Lane2: Triad 3au
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into pCMV-HA, with subsequent confirmation by restriction digest analysis using

EcoRI andXhoL

293T cells were co-transfected with either pMyc-Vif and pHA-Triad 3au or pMyc-

Vif and pHA-NVBP. Individual plasmids pMyc-Vif, pHA-Triad 3au or pHA-NVBP

were also singly transfected to control for non-specific protein-protein interactions.

Transfected cells exhibited abundant expression of HA-tagged Triad 3au, HA-tagged

NVBP and Myctagged Vif by western blot using rabbit anti-HA antibody (Figure

3.10) or mouse anti-Myc antibody (Figure 3.11 right half). Proteins expressed in

lysates from transfected cells were then immunoprecipitated with HA specific

antibodies and immuno-complexed proteins pelleted by protein A sepharose I CL4B

beads and analysed by SDS-PAGE and western blotting with anti-Myc antibody. Vif

was readily detected in immunoprecipitates from lysates containing HA-Triad 3au

(Figure 3.ll; lane 5) but in comparison was not significantly detectable in

immunoprecipitates from lysates containing HA-NVBP (Figure 3.11; lane 6). In

contrast, when Vif was transfected alone, Vif was not detected in the HA specific

immunoprecipitate (Figure 3.11; lane 2). To confirm the reliability of this co-

immunoprecipitation result the experimental procedure was modified to comprise a

murine monoclonal anti-HA specific antibody for immunoprecipitation and rabbit

anti-Vif polyclonal antibody for western blot analysis. Vif protein was again readily

detected by western blotting using the rabbit anti-Vif antibody in the Triad 3au

containing immunoprecipitate but not in the NVBP containing immunoprecipitate

(results not shown).
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Figure 3.10 Triød 3øu ønd NWP expressíon analysis

Lysates to be for co-immunoprecipitation experiments were pre-screened for Triad

3au or NVBP expression using HA specific rabbit polyclonal antiserum.

1) untransfected cells

2) pMyc-Vif

3) pHA-Triad 3au,

4) pHA-NVBP,

5) pMyc-Vif + pHA-Triad 3au,

6) pMyc-Vif + pHA-NVBP
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Figare 3.11 Co-immunoprecipitøtion of Vif and Triad 3uu

Western blot analysis using monoclonal anti-Myc antibody. Right half of the figure

indicates the total lysates of transfected 293T cells and left half of the figure shows

the proteins coimmunoprecipitated by HA specific rabbit polyclonal antiserum.

1) untransfected cells

2) pMyc-Vif

3) pHA-Triad 3au

a) pHA-NVBP

5) pMyc-Vif + pHA-Triad 3au

6) pMyc-Vif + pHA-NVBP
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These results indicated that an interaction was occulring in mammalian cells between

vif and Triad 3au, but not between vif and NVPB despite vif/l.IVBP interaction

demonstrated earlier using the yeast two-hybrid assay. As previously described,

Triad 3au contains 4 ring finger sequence domains hypothesised to mediate protein-

protein interactions. These results demonstrate that Triad 3au interacts with HIV-I

vif in both yeast and mammalian cell types. It is not clear, however, which

domain(s) of Triad 3au is required for this interaction, and more specific mapping

experiments will be needed in order to fully characterise the interaction.

Unlike Triad 3au, NVBP did not interact significantly with Vif in mammalian cells.

Differences in the cell milieu of yeast and mammalian cells may explain the

discrepancy between the two expression systems. For example, yeast proteins might

be involved in the interaction between Vif and NVPB in yeast, or alternatively

posttranslational modification of NVBP in yeast might change the binding

characteristics of NVBP protein favouring an interaction with Vif. This demonstrated

that Vif could be co-immunoprecipitated by anti-HA polyclonal antibody in the

presence of HA-Triad 3au but not HA-NVBP indicated that the interaction involved

the Triad 3au moiety and not the HA epitope. pHA-NVBP might be suitable as a

good negative control in this experiment. Since the interaction between Vif and

NVBP could not be confirmed in mammalian cells, only the interaction between Vif

and Triad 3au was pursued in remaining chapters of this study'

3.4 Effect of Triad 3au on the cellular localisation of Vif

Confocal laser-scanning microscope was employed to analyse the localisation of Vif

and Triad 3au in cotransfected 293T cells. In this experiment, 293T cells co-
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transfected with pMyc-Vif and pHA-Triad 3au were grown under normal growth

conditions on a lQQ-mm-diameter dish. On the next day, the cells were split and

plated on a fresh 1QQ-mm-diameter dish containing sterile coverslips (section 2.2.10).

The cells were fixed 24hr after splitting, incubated with primary antibodies (anti-HA

monoclonal antibody or anti-Vif rabbit polyclonal antibody) followed by secondary

antibodies (Alexa Fluor 546 goat anti-mouse IgG or Alexa Fluor 488 goat anti-rabbit

IgG respectively). Differentiation of nuclei was achieved by staining the cell nucleus

with Hoechst 33342 reagent. Labelled cells were then examined by confocal

microscopy. The aim of this work was to characterise the cellular distribution of Vif

protein, and to examine whether the distribution was affected when co-expressed

with Triad 3au which might indicate an intracellular interaction.

Initially, to determine the distribution of Vif,293T cells were transfected with pMyc-

Vif and pHA plasmid, then stained (see section 2.2.10). Vif stained with the

polyclonal rabbit antibody, was detected in all cellular compartments (Figure 3.I2A),

consistent with previous reports (Chatterji et al., 2000, Goncalves et aI', 1994,

Goncalves et al., 1995, Simon et al., 1997). Vif exhibited a diffuse distribution in the

cytoplasm and was localised in distinct foci present at the plasma membrane and also

in the cell nucleus (Figure 3.128). Next, 293T cells were co-transfected with pMyc-

Vif and pHA-Triad 3au and dually stained with anti-Vif polyclonal antibody and HA

monoclonal antibody, followed by Alexa Fluor 546 goat anti-mouse IgG and Alexa

Fluor 488 goat anti-rabbit IgG secondary antibodies. Co-localisation of Vif and Triad

3au was seen in cytoplasm and at cellular membranes of co-transfected cells (Figure

3.!3D,yellow areas). Also, Vif protein aggregations were clearly present on cellular

membranes when co-transfected with Triad 3au (Figure 3.13D, white arrow)"
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Figure 3.12 Vif localization analysis

293T cells were co-transfected with pCMV-Myc-vif and pCMV-HA vector and

stained with Vif rabbit polyclonal antibody and goat anti rabbit IgG labelled with

Alex Fluorescence 488, followed by Hoechst 33342 to identify nuclei. A) Vif was

distributed in membrane and cytoplasm (green) and B) Vif was present also in the

nucleus (blue) of transfected cells
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Figare 3.13 Tripte løbetting of pMyc-vif and pHA-Triad 3uu

cotransfected 29 3 T cells

Red: HA-Triad 3au

Primary: mouse anti HA

Secondary: Alexa Fluor 546 goat anti-mouse IgG

Green:Vif

Primary: rabbit anti Vif

Secondary: Alexa Fluor 488 goat anti-rabbit IgG

Blue: Cell nuclei

Hoechst 33342

Yellow: HA-Triad 3aulVif





Vif has been reported to localise in multiple subcellular sites including the plasma

membrane (Goncalves et al., 1994, Goncalves et a1., 1995, Simon et al., 1997),

cytoplasm (Goncalves et al., 1994, Katczewski & Strebel, 1996), cytoskeleton

(Karczewski & Strebel, 1996) and nucleus (Chatterji et al., 2000, Goncalves et al.,

1995, Simon et al., lggT). Of note it has also been reported that the concentration of

fixative used in the treatment of cells before staining was a factor determining the

extent of nuclear staining (Thunnissen et al., 1931). Only cells fixed using a low (1-

2o/o) percent formaldehyde exhibited nuclear staining, and this was abolished at

higher concentrations of fixative. The detection of Vif in the nucleus described in

this study is consistent with the mild (1% formaldehyde) fixative protocol used here

(section 2.2.10).In this study, Vif was also diffusely distributed in the cytoplasm of

293T cells transfected with the pMyc-Vif and pHA plasmids and was also seen in

distinct foci present at the plasma membrane. In contrast, when cells were

cotransfected with pMyc-Vif and pHA-Triad 3au, the distribution of Vif was altered

resulting in aggregates which co-looalised with Triad 3au. This suggested that the

change of Vif distribution was caused by expression of Triad 3au but not the HA

epitope. These confocal images lend further support to our previous result showing

co-immunoprecipitation of Vif and Triad 3au in co-transfected 293T cells.

3.5 Triad 3au mRNA is expressed in both permissive and

primary non-permissive cells

The Triad 3au sequence does not start with a potential translation initiation codon

ATG sequence suggesting that this sequence may represent a truncated part of a

larger cellular protein in human leucocytes. TRIAD containing proteins were
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identified in database searches of Aedes aegypti (mosquito), D. melanogaster, C.

elegans, mouse and human sequences (van der Reijden et al., 1999). To determine

whether a protein homologue of Triad 3au may be present in mammalian cells, the

presence of Triad 3au specific mRNA in this cell type was investigated. In addition,

the levels of Triad 3au specific mRNA was compared between non-permissive and

permissive cells, since it has been proposed that non-permissiveness may be due to

the presence of cellular inhibitor of HIV-I infection that is overcome by Vif in non-

permissive cells (Madaní &, Kabat, 1998, Simon et al', 1998a).

Total cell RNA was extracted from a variety of different cell types and the levels of

Triad 3au mRNA estimated by Northern blot analysis as described in seotion 2-2.3.

RNA was extracted from 3 individual aliquots of freshly isolated primary human

pBL, macrophages and other non-permissive cell lines including H9, A3'01 and

HuT-78 cells, as well as from permissive cell lines 293T, CEM-ss, COS-7, and HeLa

cells. RNA resolved in l% agarose gels typically exhibited two bands at

approximately 4.5 Kb and 1.9 Kb in size when examined by ethidium bromide

staining, corresponding to 28S and 18S ribosomal RNA species respectively (Figure

3.14). Distinct staining of these RNAs was diagnostic of an RNA sample with

limited degradation and was used to assess the quality of the RNA samples' Triad

3au mRNA was then detected by northern blot using a 3'P-labelled Triad 3au cDNA

probe. A typical northern blot is presented in Figure 3.15 A. The relative mRNA

levels were estimated by normalisation against GapDH mRNA levels detected in the

same sample (Figure 3.15 B). Triad 3au mRNA was detected in all tested cell types,

as two species approximately 3.0 Kb and 6.0 Kb in size. Triad 3au mRNA levels

after normalisation against GapDH mRNA were slightly increased in primary PBLs
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Figure 3.14 RNA analysisfrom ethidium bromide stained gel

Total RNA extracted from (A) Non-permissive cells: PBL, macrophage, HuT-78,

43.01, H9 (lane 1-5 respectively). (B) Permissive cells: COS-7, HeLa, 293T, CEMss

(lane I - 4 respectively).
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Fígure 3.15 Triad 3øu wRNA ìs expressed in permíssive and non-

permissive cells.

Northern blot hybridization of total RNA extracted from non-permissive cells HUT-

78,Hg, pBL, macrophages, and 43.01 (lane 1-5 respectively) and permissive cells

2g3T, CEM-ss, COS-7 and HeLa (lane 6-9 respectively). The filter was initially

probed with 32p-labeled Triad 3au cDNA þanel A), then stripped and re-probed with

3'P-labeled GAPDH oDNA (Panel B)
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and macrophages compared with other cell types, but the levels were similar in all

cell types regardless of their permissiveness status for Lvif HIV replication. These

results indicated that a mRNA containing Triad 3au specific sequences was present

in a variety of mammalian cells, as it was found in both in non-permissive and

permissive cell types, it was unlikely to represent the above inhibitor of HIV-I

infection, at least independently. Previous yeast two-hybrid assays and

immunoprecipitation and immunofluorescent studies of mammalian cells have

shown that Triad 3au interacts with Vif. Therefore the natural cell protein homologue

of Triad 3au was investigated, to examine whether this interaction played a role in

regulating Vif function in HIV-l infection.

3.6 Identification of ZIN and preparation of the ZIN cDNA

In May 2002, following the beginning of this study a protein homologue of the

hypothetical Triad 3 protein was identified in cells by Chen et al and named Zinc

finger protein inhibiting NF-/cB (ZIN) based on functional studies (Chen elra1.,2002).

ZIN was shown to contain four RING-like zinc finger domains and a proline-rich C

terminal domain. Northern blot hybridisation and western blot analysis showed that

ZIN was expressed in all cell lines tested including PBL,293, RPMI8226 and Jurkat

cells. Confocal microscopy images suggested ZIN was a cytoplasmic protein that co-

localised in mammalian cells with the serine / threonine protein kinase receptor

interacting protein, RIP. RIP functions as an adaptor protein in a signal transduction

pathway that is activated by stimulation of the TNF-o¿ receptor and leads to

activation of NF-kB. Overexpression of ZIN in 293 cells demonstrated that ZIN
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interacted with RIP and inhibited RIP mediated activation of NF-KB that normally

resulted when cells were stimulated with TNF-a (Chen et a1.,2002).

Sequence alignment of Triad 3au with the new Triad 3 homologue, ZIN was

performed employing the BioEdit sequence analysis program. The ZIN protein

sequence was adapted from the GenBankrM database (NP_061884). The 218 amino

acid Triad 3au amino acid sequence mapped almost identically with an equal 218

amino acid region of ZIN comprising the 4 ring-like domains (RLDs) but not the N-

or C-terminal sequences (Figure 3.16). One amino acid difference was apparent

between the two sequences with an alanine instead of a proline at position 219

(numbering based on the ZIN sequence) in Triad 3au. This single difference was

confirmed in repeat sequencing experiments using the same Triad 3au clone.

Therefore these results demonstrated that Triad 3au was 99.8% homologous with a

segment of the Triad 3 homologue, ZIN.

In section 3.5, it was found that Triad 3au specif,rc mRNAs, 3.0 Kb and 6.0 Kb in

size, were present in all cells types at similar levels. Consistent with this, Chen et al

(2002) found by northern blot that a ZIN oDNA probe detected two mRNA, also 3.0

Kb and 6.0 Kb in size (Chen et al., 2002). Based on almost identical sequence

homology and northern blot, data ZIN was chosen as the most likely naturally

expressed candidate protein homologue of Triad 3au, and therefore became the

primary focus of this study.

In order to investigate whether full-length Triad 3au or ZIN could also interact with

Vif, cDNA encoding ZIN was synthesized using BD SMARTTM RACE cDNA
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Figure 3.16 Sequence anølysis of Triad 3au and ZIN.

Deduced protein sequences of the 488 amino acid ZIN (upper) and the 218 amino acid

Triad 3au sequence (lower). These sequences are determined in the current study. The

GenBankrM accession number for the previously published ZIN protein sequence is

NP 06188 4. T/rad 3au amino acid residues that are identical to the ZIN sequence are

marked with asterisks. The two amino acid residues different from the published ZIN

sequence are circled. Ring like domains (RLDs) are enclosed by open boxes. Proline

rich domain (PRD) is underlined.
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Amplihcation Kit (Clontech Cat # KI811-1). The strategy to generate a full-length

cDNA from an RNA template is described in Figure 3.17. Firstly, RNA extracted

from 43.01 cell was treated with DNase, and first strand cDNA synthesis was then

initiated by BD PowerScriptrM Reverse Transcriptase (RT). BD PowerScript RT is a

variant of Moloney Murine Leukemia Virus (MMLV) RT that, upon reaching the

end of an RNA template, exhibits terminal transferase activity, adding 3-5 residues

(predominantly dC) to the 3' end of the f,rrst-strand cDNA. The BD SMART oligo

contains a terminal stretch of G residues that anneal to the dC-rich cDNA tail and

serves as an extended template for RT. BD PowerScript RT switches templates from

the mRNA molecule to the BD SMART oligo, generating a complete oDNA copy of

the original RNA with the additional BD SMART sequence at the end. Completed

ZIN cDNA was then amplified by PCR using ZIN specific 5' and 3' sequence

primers complementary to the published ZIN mRNA GenBankrM sequence

(4Y063174). The cDNA product of this reaction was separated on a lYo agarose gel

and confirmed as a single DNA product approximately 1.5 Kb in size as expected

from the ZIN sequence (Figure 3.18). The PCR product was excised from the gel and

cloned into the pCMV-Flag protein expression vector, and the construct was

confirmed by restriction digest analysis using EcoRI and BamHI. Sequence analysis

of the cloned cDNA sequence also confirmed that it encoded the complete 488 amino

acid ZIN protein except for a single amino acid leucine to phenylalanine change at

position 30. This may have arisen because of an error in the reported ZIN sequence,

as the sequence of our isolate was confirmed using several independently generated

PCRproducts (Figure 3.19). The significance of the single amino acid difference is

not known, but in any case it would not be expected to alter ZIN function as it is
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Figure 3.17 Strøtegy for tirst strand cDNA synthesis

Adapted from Clontech, Protocol No. PT3269-1
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Figure 3.18 Full-Iength ZIN cDNA synthesis

Lane 1 & 2 indicate the PCR product amplified from total RNA extracted from 43.01

cells. Lane 3 8. 4 show the PCR product amplified from total RNA extracted from

human placental cells þositive control provided by Clontech). + RTase and - RTase

indicate that RNA lvas or was not treated respectively, with BD PowerScriptru

Reverse Transcriptase (Clontech).



M 43.01 Human placenta

+ +RTase

1.6kb-

1kb-

<- 1.5kb = ZIN

1 2 Ĵ 4
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Figure 3.19 Sequence compørison oÍ newly isoløted ZIN and reported
ZIN

Deduced protein sequences of newly isolated ZIN cDNA prepared in this study

(termed ZIN 43.01), and the reported ZIN sequence (termed ZIN) (GenBankru

accession number NP-061884). Black dots indicate identical amino acid residues in

both ZIN sequences.



ZIN
zrN (À3 . 01)

ZIN
zrN (A3 . 0r.)

ZIN
zrN (A3 . 01)

ZIN
zrN (A3 . 01)

ZIN
zrN (À3 . 0L)

zrN
zrN (.ê,3 .01)

ZIN
zrN (À3 . 01)

ZIN
zrN (À3 . 01)

ZIN
zrN (À3 . 01)

ZIN
zrN (À3 . 01)

....t....t ....t....t ....t....t ....t....t ....t....1
10 20 30 40 50

^:iY:::: :läi:T::i :T:lÏi*: :?"liäo'" 
spErscKRKK

....t....t ....t....t ....t....t ....t....t ....t....1
60 '70 80 90 1_00

RKQMNQYSYI DFKFEQGDIK TEKRMFFLEN KRRHCRSYDR RALLPAVOOE

....t....t ....t....t ....t....t ....1....t ....t....1
l_ 10 1,20 13 0 -J.40 1s o

QEFYEQKTKE MAEHEDFLLA LQMNEEQYQK DGQL]ECRCC YGEFPFEELT

....t....t ....t....t ....t....t ....t....t ....t....1
160 1,70 t-80 190 2oo

QCADAHIJFCK ECLIRYAQEA VFGSGKLELS CMEGSCTCSF PTSELEKVLP

....t....t ....t....t ....1....t ....t....t ....t....t
270 220 230 240 250

QTILYKYYER KAEEEVAAAY ADELVRCPSC SFPALLDSDV KRFSCPNPHC

....t. ..t ....1....t ....t....t ....t....t ....t....1
260 270 280 290 3oo

RKETCRKCQG LWKEHNGLTC EELAEKDDTK YRTSTEEKMT AARTRKCHKC

....t....t ....t....t ....t....t ....t....t ....t....1
310 320 330 340 3sO

GTGLTKSEGC NRMSCRCGAQ MCYLCRVSIN GYDHFCQHPR SPGAPCQECS

....t....t ....t....t .. .t....t ....t....t ....t....1
360 370 380 390 4oo

RCSLWTDPTE DDEKLTEETQ KEAEEEQKRK NGENTFKRIG PPIJEKPVEKV

....t. ..t ....t....t ....t....t ....t....t ....1....1
41_O 420 430 440 450

QRVEALPRPV PQNLPQPQMP PYAFAHPPFP LPPVRPVFNN FPLNMGPTPA

....t... | ....1....t ....t....t ....t...
460 4'70 480

PYVPPLPNVR VNYDFGPTHM PLEHNLPMHF GPQPRHRF



located outside the RLDs. pCMV-Flag-ZIN (pFlag-ZIN) was used in subsequent

expenments.
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Chapter 4

Interaction between HIV-L Vif and ZIN, and
Implications for Viral Replication

4.1. Introduction

As previously described, Triad 3au was isolated from a human leukocyte cDNA

library and sequence analysis suggested that it represented part of a larger

uncharacterized, hypothetical protein called Triad 3. Subsequent northern blot

analysis of RNA extracted from a variety of cell types identified two Triad 3au

specific RNAs 3.0 Kb and 6.0 Kb RNA in size. More recently, Chen et a|,2002

identified a larger sequence ZIN from a human B cell cDNA library and also

detected a 3.0 Kb and 6.0 Kb RNA species by northern blot in different human

tissues and PBL cell. The C-terminal sequence of ZIN was almost identical

homology to Triad 3 (Chen et al., 2002). Based on99.8Yo homology between the 218

amino acid Triad 3au protein sequence and a 218 amino acid stretch of 488 amino

acid ZIN protein (Figure 3.16; 142 aa -359 aa), ZIN was considered the most likely

cell protein homologue for Triad 3au.

In TNF-cr stimulated human embryonic kidney 293 cells that are over-expressing

ZIN, ZIN inhibits NF-KB activation by interfering with the induced signal

transduction pathway through its interaction with the TNF-a receptor adapter

protein, RIP (Chen et al., 2002). Overexpression of ZIN also potentiates RIF- and

TNF-inducod apoptosis in these same cells in a dose dependent manner. What other

functions ZIN may play in these cells or others, including B and T lymphoma cells
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where ZIN is also expressed naturally (Chen et a1.,2002), is not known. In light of

the activation between Triad 3au and HIV Vif (Chapter 3), it was therefore of interest

to examine firstly whether ZIN also interacted with HIV-I Vif protein and secondly,

if so, could this be of significance for Vif function and HIV replication.

4.2 ZIN interacts with purified Yif in vitro

The GST pull-down assay is a biochemical method for demonstrating in vitro

protein-protein interactions qualitatively. A commercially available GST system has

been widely used (Figure 4.1). Briefly, a'target' gene encoding a protein of interest

(in this case Vif) is joined to the glutathione S-transferase (GST) gene and expressed

in E. coli, to synthesise a GST fusion protein that is then purified and immobilised on

glutathione-Sepharose CL-48 beads. Candidate proteins (in this case ZIN) are

incubated with the beads, and material that remains bound to the GST-CL-4B beads

by virtue of its interaction with the 'target' protein is then identified by western blot

The GST-Vif fusion protein and GST alone were expressed in E.coli cells

transformed with pGEX-2T-GST-Vif (pGST-ViÐ and pGEX-2T-GST (pGST)

respectively (section 2.2.11). The level of pGST-Vif protein expressed was

normalised against serially diluted GST protein on SDS-PAGE gels stained with

coommassie-blue (Figure 4.2). Lane I and lane 5 of figure 4.2 show similar protein

levels in the 1:50 times dilution of GST protein and the same volume of neat GST-

Vif protein respectively. Thus, equal amounts ? 2 pg total protein) of 1:50 - diluted

GST protein and neat GST-Vif protein were incubated with Glutathione Sepharose

CL-48 beads and the protein-GST-bead complex finally thoroughly washed free of

non-specific bacterial lysate proteins. ZIN containing cell lysate, for use in the GST
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Figure 4.1 Principle of GST pull-down assuy

GST-Vif is expressed in BL2l cells, ZIN is produced in 293T cells. Following the

steps below

Step 1: GST-Vif is coupled to GST-CL-4B beads

Step 2: Beads bound with either GST-Vif or GST are incubated with ZIN

Step 3: Beads washed and bound protein detected by western blot

If ZIN interacts with Vit ZIN can be isolated by its attachment to the beads
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beads
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Figure 4.2 Normalisøtion of GST-Vif fusion protein agaínst GST

protein hy coommassie-blue støining

Total GST-Vif fusion protein was loaded in lane 5 (49.0kd), GST alone (26kd)

protein fornegative control was serially diluted at 1:50 (lane 1), l:20 (lane 2), 1:10

(lane 3) andl:5 (lane 4)
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fusion protein pull-down assay, was produced by transfection of pFlag-ZIN in 2937

cells using the SuperFect method (see section 2.2.11). Finally the GST (or GST-Vif)

complexed glutathione sepharose CL-4B beads were incubated with Flag-ZIN,

pelleted and analysed by western blot using antibodies specific for Flag fusion

protein, GST and Vif. Using murine Flag specific antibody, Flag-ZIN was detected

in the total293T cell lysate as a 6l kDa protein product (Figure 4.3{,lane 1). Flag-

ZIN was also detected in protein 'pulled - down' by GST-Vif / glutathione sepharose

CL-48 beads (Figure 4.3.A,lane 3), but not by glutathione sepharose CL-48 beads

complexed with GST alone (Figure 4.3A,lane 2). Hence co-precipitation of Flag-

ZIN with glutathione sepharose CL-48 beads was dependent on Vif in the Vif-GST

fusion protein. The Western blots were then stripped of antibody and reprobed with

GST specific antibody to confirm that equal amounts of glutathione sepharose CL-

4B beads complexed with either GST or GST-Vif were used in each 'pull-down'

sample. A GST-Vif fusion protein of approximately 49 kDa was detected in protein

precipitate that 'pulled -down' Flag-ZIN (Figure 4.3B,lane 3), and as expected the

26 kDa GST protein was also readily detected in sample containing GST /

glutathione sepharose CL-48 beads alone (Figure 4.3B, lane 2). This indicates that

'pull-down' of flag-ZIN by GST-Vif / glutathione sepharose CL-48 beads and not

GST / glutathione sepharose CL-4B beads was dependent on the presence of Vif and

not the result of a non-specific interaction between Flag-ZIN and GST protein. The

identity of the 49 kDa GST-Vif fusion protein responsible for 'pull-down' of Flag-

ZIN was also confirmed by stripping and reprobing the filter with Vif specific

antibody. The polyclonal anti-Vif antibody reacted with a 49 kDa GST-Vif fusion

protein and several bands with lower molecular weights, probably representing Vif
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Figure 4.3 Vif directþ binds ZIN in vitro.

'Westem blot analysis of total protein (1ane 1) and protein precipitated from 293T cell

lysates expressing Flag-ZIN fusion protein by incubation with glutathione sepharose

CL-48 complexed proteins, GST (lane 2) and GST-Vif (lane 3). Blots were probed

with (A) monoclonal anti-Flag antibody, (B) anti-GST antibody and (C) polyclonal

anti-Vif antiserum.
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cleaved from GST-Vif fusion protein or minor proteolytic products brought about by

protease activity in the E.coli lysate preparation. (Figure 4.3 C,lane 3).

Earlier attempts at this 'pull-down' experiment resulted in 'pull-down' of Flag-ZIN

from cell lysate, by both GST-Vif / glutathione sepharose CL-48 beads and to a

lesser extent GST / glutathione sepharose CL-48 beads as well (Figure not shown).

To avoid non-specific protein-protein interactions, precleared lysate from Flag-ZIN

transfected 293T cells (supernatant, 13,500 rpm, 4oC for 10 min, followed by

treatment with glutathione sepharose CL-48 beads) was then incubated with GST /

glutathione sepharose CL-48 beads at4oC for I hr (see section 2.2.11). The mixture

was spun by low speed centrifugation to remove the added GST / glutathione

sepharose CL-48 beads and any non-specifically bound lysate proteins. Experiments

as shown in Figure 4.3 were then undertaken 3 times with consistent results,

demonstrating a specific interaction between ZIN and Vif.

4.3 ZIN interacts with HIV-I Vif in mammalian cells

To determine whether the above interaction also occurred in mammalian cells, co-

immunoprecipitation experiments were performed. Here, 293T cells were transfected

as described in section 2.2.7, either with pMyc-Vif together with pFlag-ZIN, or with

pMyc-Vif and pFlag as a negative control. Cell lysates were then incubated with Flag

specific monoclonal antibody which was then immunoprecipitated using protein A

sepharose beads (section 2.2.9). Any Myc-Vif fusion protein that may have been co-

precipitated by the Flag specific monoclonal antibody was then detected by western

blot using rabbit anti-Vif antiserum. Despite abundant expression of Myc-Vif protein

in both transfected cell cultures (Figure 4.4, Ianes 1 and 2), Myc-Vif was only
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Figure 4.4 Co-immunoprecipitøtion of Vif with ZIN.

293T cells co-transfected with pMyc-Vif and pFlag (lanes 1, 4), pMyc-Vif and pFlag-

ZIN (lanes 2,5), or no DNA (lanes 3,6), were analysed by Western blot probed with

polyclonal Vif antiserum. Lanes I,2, 3 represent total protein in the lysates before

immunoprecipitation, and Lane 4, 5, 6 represent protein immunoprecipitated with

mouse anti-Flag antibody on protein A sepharose beads.
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detected in immunoprecipitate containing Flag-ZIN protein (Figure 4.4,lane 5), and

not in that containing Flag protein alone (Figure 4.4,lane 4). This indicated that Vif

was co-immunoprecipitated because of a specific interaction with ZIN rather than the

Flag epitope. This result clearly demonstrated that the specihc interaction between

ZIN and Vif characterised in vitro also occurred in human cells.

Taken together with Chapter 3, these results demonstrated that the interaction

between Vif and the partial protein Triad 3au also occurs between Vif and the

complete protein, ZIN. Conversely these results indicate that the central domain of

ZIN shared by Triad 3au is the essential binding domain involved in the interaction

with HIV-I Vif.

4.4 Ca-localisation of Vif and ZIN in transfected cells

Using the method described in section 3.4, the cellular distribution of HIV Vif and

ZIN was examined in different experimental settings. 293T cells were co-transfected

with pMyc-Vif and pFlag-ZIN, or transfected with one of the above plasmids

together with the control plasmid expressing altemative marker protein only (eg

pMyc or pFlag) but without Vif or ZIN. The transfected cells were stained and

examined by confocal microscopy. Staining of pMyc-Vif and pFlag co-transfected

cells with rabbit anti-Vif antibody, followed by the secondary Alexa Fluor 488 goat

anti-rabbit IgG, showed a diffirse distribution of Vif (green emission) in the

cytoplasm and nucleus, at the cell membrane and along cellular extensions that

characterise growing 293T cells (Figure 4.5 B). Cells cotransfected with pFlag-ZIN

and pMyc, but stained with primary Flag monoclonal antibody and secondary Alexa

Fluor 546 goat anti-mouse IgG, detected Flag-ZIN (red emission) localised mainly at
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Figure 4.5 Co-localization of Vif ønd ZIN in humøn cells.

293T cells transfected with pFlag-ZIN plus control plasmid pMyc(A), pMyc-Vif plus

control plasmid pFlag (B), or mock-transfected (C), or co-transfected with pMyc-Vif

& pFlag-ZIN(D-I) ìùrere grown and fixed on glass coverslips and either non-

permeabilised (D-F) or permeabilised (A-C & G-I), as described tn2.2.10. Cells were

incubated with mouse anti-Flag and then Alexa Fluor 546 conjugated secondary

antibodies (red emission) for detection of Flag-ZIN (A,D,G,C,F,I); or with rabbit anti-

Vif antibody and then Alexa Fluor 488 goat anti rabbit IgG (green emission) for

detection of Vif (C,F,VB,E,H). Dual stained cells(C,F,I) were viewed as merged

images of Alexa Fluor 488 and nuclei were stained in all panels using Hoechst 33342

(blue emission). Images were produced using the BioRad Radiance 2100 confocal

microscope (BioRad Microsciences) equipped with three lasers, Argon ion 488nm

(14mw), Green HeNe 543nm (1.5mw), Red Diode 637nm (5mw) outputs.





the cell membrane and cytoplasm (Figure 4.5A). In pMyc-Vif and pFlag-ZIN eo-

transfected cells, however, pMyc-Vif aggregations were observed in nucleus (Figure

4.5 H, green emission) andFlag-ZIN was also detected in foci within cell nucleus

(Figure 4.5 G, red emission). Merged images of dual-stained cells co-transfected

with pMyc-Vif and pFlag-ZIN showed the two proteins mainly coincident in the

nuclei of these cells (Figure 4.5 I yellow emission)" Taking Z-sections of dual-

stained cells confirmed that the co-localised Vif and ZIN proteins were often

distributed within polar regions of the cell membrane, as can be seen in Figure 4.5 F

& I; and within foci present in the cell nucleus as can be seen in Figure 4.5 I. In cells

transfected individually with vectors expressing protein tags alone (pMyc or pFlag),

or cells co-transfected with pMyc and pFlag (mock transfected cells), staining with

both Vif polyclonal and Flag monoclonal antibodies was very weak and not able to

be meaningfully interpreted. Figure 4.5 C shows the pMyc and pFlag transfected

293T stained with the combined antibodies described above.

V/hile Flag-ZIN was readily detected in the nuclei of cells transfected with pFlag-

ZIN and pMyc-Vif, the lack of detection of Flag-ZIN in the nuclei of cells

transfected with pFlag-ZIN and pMyc alone indicated that nuclear localization of

ZIN was dependent upon its interaction with Vif in cells expressing both proteins

(compare Figure 4.54 with Figure 4.5G). Vif aggregations occurred in the nuclei of

cells cotransfected with pFlag-ZIN and pMyc-Vif (Figure 4.5 H) but was not

observed in cells transfected with pFlag and pMyc-Vif (Figure 4.5 B), also

suggesting that ZIN but not Flag altered the distribution of Vif. Thus, the

intracellular distribution of ZIN and Vif was different in cotransfected cells from that

seen in cells singly transfected with either component. This is consistent with the

interpretation that the ZINA/if interaction demonstrated above is modiffing the
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intracellular localisation of both proteins. In some cells co-transfected with pMyc-Vif

and pFlag-ZIN that had not been permeabilised to antibodies, weak co-staining of

Vif and Flag-ZIN was seen at the extending cytoplasmic membrane that may suggest

co-localization of Vif/Flag-ZIN at the surface of cell membrane (Figure 4.5.F). In the

majority of non-permeabilised cells however, there was no evidence of Vif and Flag-

ZIN co-staining (data not shown). This may also suggest that occasional membrane

co-localization of the two proteins in co-transfected cells most likely occurred at the

intracellular leaflet of the cell membrane.

Similar experiments with cells co-transfected with pMyc-Vif and pHA-Triad 3au

were also described in Chapter 3. Triad 3au co-localized with Vif in the cytoplasm

and at the cell membrane of co-transfected cells (Figure 3.13). However, Triad 3au in

the presence of Vif was not detected in the nuclei of the co-transfected cells. This

result was different from the above finding that Vif and ZIN co-localised mainly in

cell nuclei. A possible explanation for this discrepancy is that fulI-length ZIN

contains complete N-terminal and C-terminal proline-rich sequences that may

modify protein structural conformation thereby causing a different protein

distribution, since proline-rich regions have been shown to be important for protein

multimerization (Yang et a1.,2001). Proline-rich domains are also well known to

interact with other domains including the Src homology 3 (SH3) domains (Hassaine

et al., 2001, Singer et al., 2004). Furthermore, this interaction has been demonstrated

to be implicated in the protein localisation and function (Singer et al., 2004). Thus, it

is not unexpected that ZIN may have some additional localisation properties not

shared by Triad 3au. The functional implications of this are not clear atpresent.
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4.5 Effect of ZIN overexpression on production and
infectivity of HIV-I

Given that ZIN interacts with HIV-I Vif in transfected cells, the biological

significance of this interaction for HIV-I replication was examined. Human 2937

cells were co-transfected with plasmids HIV-I pNL4.3 and pFlag-ZIN (or control

pFlag plasmid), or pNL4.3 (Lrú) and pFlag-ZIN (or control plasmid pFlag). Cell

culture media from the four transfected cultures were harvested 48 hr post infection

and their p24 levels were quantified (see 2.2.12). The results indicated that the

amounts of wild-type HIV-I or Avy'HIV-I virus produced in producer cells (2937

cells) were similar regardless of the presence or absence of overexpressed ZIN. The

virion infectivity relative to p24 content for each inoculum was then determined in

HuT-78 cells and HeLa-CD4-F-gal indicator cells.

4.5.1 TCID59 analysis of wild type HIV produced in the presence or
âbsence of co-transfected ZIN

The virion infectivity titres in the culture supernatants were first measured by TCID56

titration. HuT-78 cells were infected with 10 fold dilutions of 400 nglml p24 of virus

in cell culture medium produced from293T cells transfected with pNL4.3 and pFlag-

ZIN (or pFlag control plasmid) in 6 replicate wells per dilution (see section 2.2.14).

Infected cell cultures were then cultured for 6 days to permit virus replication and

production of virus. Using the ELISA method described in section 2.2,12,HIY p24

levels produced 6 days post infection were then measured for each well and scored

positive or negative for p24 detection" The viral titre, expressed as TCIDso per ml of

the virus inoculum, was then calculated according to the method described in section

2.2.14" R.esults from 3 independent experiments indicate that NL4.3 virus produced
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in 293T cells co-transfected with pFlag-ZIN were consistently less infectious,

demonstrated by a 5-10 fold decrease in TCID56 titre compared with NL4.3 virus

produced from 293 T cells expressing only the control plasmid, pFlag. TCIDso

estimations, however, calculated from independent infection experiments were

varied" These differences in the absolute calculated TCIDso values may reflect

varying growth conditions of the cells at the time of infection, slight differences in

infectivity efficiencies or growth state of the HuT-78 target cells used from

experiment to experiment. For this reason, absolute TCIDso values between

experiments were not compared but rather TCIDso values within each experiment

since all demonstrated the same trend. Figure 4.6 represents one result of three

infection experiments. Results from this experiment indicated that NL4.3 virus

produced in the presence of pFlag-ZIN was 10 fold less infectious than NL4.3 virus

produced in the absence of pFlag-ZIN. Further, this difference ranged between 5 and

10 fold considering all three experimental results. Consistently then, these results

suggested that overexpressed ZIN in virus producer cells had an inhibitory effect on

HIV infectivity, measured by TCIDso.

4.5.2 Single-Cycle Viral Infectivity assay of wild type and ÃvifHIY
in the presence or absence of co-transfected ZIN

The virion infectivity titre experiment showed that overexpressed ZIN decreased the

infectivity of wild-type HIV. However whether ZIN mediated this effect through an

interaction with Vif could not be controlled for using the same infection system

because vif deficient HIV (pNLa3 (Lvifl) can not replicate in non-permissive HuT-

78 cells. Hence to further characterise the effect of ZIN on infectivity, a single-cycle

viral infectivity assay was set up using HeLa-CD4-F-gul indicator cells. This cell line
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Figure 4.6 ZIN expression reduces HIV-I infectivity

This figure shows one result of three individual infection experiments. The left bar

represents the TCIDso of NL4.3 produced in producer cells with the presence of

pFlag-ZIN. The right bar indicates the TCIDso of NL4.3 produced without the

presence of pFlag-ZIN.
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expresses high level of CD4 and contains a single integrated copy of a B-

galactosidase gene that is under the control of a truncated human immunodeficiency

virus type 1 (HIV-1) long terminal repeat (LTR). This system has been used for

accurate determination of viral infectivity as an alterative to end point dilution

(Kimpton & Emerman,1992). This cell line was used to quantitate the titres of HIV-

1 produced in293T cells in the presence of overexpressed Flag or Flag-ZIN.

To perform this experiment, lO-fold dilutions of 400 ngiml p24 of each virus stock

were used to infect HeLa-CD4-F-gal indicator cells. To minimise secondary

infection and statistical error, cells were fixed and stained 30 hr post infection and

blue cells or colonies were scored but one colony was counted as one blue cell (see

section 2.2.13). For wells infected with neat virus, the densities of blue cells were too

high to count. Results analysed from 9 replica wells (3 wells of each dilution from

10-t-10-3) showed that the number of blue cell or colonies obtained with wild-type

HIV NL4.3 produced in the presence of co-transfected ZIN (Figure 4.7, shaded box

with +pFlag-ZIN) was 2-fold less than the number of blue colonies obtained with

wild-type NL4.3 but produced in the presence of Flag alone (Figure 4.7 shaded box

with +pFlag). The 2 fold difference in infectivity was considered significant as it was

based on counting 9 replica wells for infected (blue) cells at 30 hr pi, without

resorting to multi-round viral replication. In contrast, in a similar experiment with

Lvif HIY NL4.3, virus produced in the presence of overexpressed ZIN (Figure 4.7,

unshaded boxes with +pFlag-ZIN) or without ZIN (Figure 4.7, unshaded boxes with

+pFlag) showed very similar infectivity. These results therefore suggested that 1)

overexpressed ZIN but not Flag epitope in producer cells decreased the NL4.3

infectivity two-fold; 2) this effect of ZIN on virus infectivity required the presence of

wild type Vif in virus producer cells.
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Figure 4.7 ViÍ produced in cells over-Øcpressing ZIN has reduced

sin gle- cy cle infe ctivity

HIV virus stocks were produced in 293T cells co-transfected with pNL4.3 or pNL4.3

(Avif) and either pFlag or pFlag-ZIN. Each of the four virus stocks was adjusted to

400 nglml of p24, and HeLa-CD4-LTR-P-gal cells were infected with 100u1inoculum

made of 10-fold dilutions of each of the four virus stocks, in 48-we11 plates. At 30 hr

pi cells were fixed and stained as described. Blue cells were counted in each well

infected at virus dilution of 10-2 (0.4 ng p24lwell) in which there were a minimum of

80 blue cells. Error bars were obtained from infections performed in 9 replica wells

indicating the standard deviation for these measurements.
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4.5.3 Real Time PCR analysis of viral DNA synthesis after infection

Traditional methods use Agarose gels for detection of PCR products at the final end-

point of the PCR reaction. Real-Time PCR or Quantitative PCR allows the user to

quantify the nucleic acid template by analysing the amount of DNA produced during

each cycle of PCR. The technique relies on the fluorescence of a reporter molecule

that increases as product accumulates with each cycle of amplif,rcation. In this study,

the reporter molecule was a non-specific DNA binding dye, SYBR@ Green, which

causes an increase in intensity of the fluorescent emissions when it binds the minor

Groove of double stranded DNA. As more double stranded amplicons are produced,

the SYBR green dye signal will increase. This technique makes quantitation of DNA

and RNA easier and more precise than past methods.

Vif has been reported to specifically function in the early HIV reverse transcription

in newly infected target cells (Bishop et al., 2004a, Bishop et al., 2004b)(also see

Chapter 6). Experiments were performed to investigate whether ZIN decreased virus

infectivity by acting at a stage before or after viral reverse transcription in target

cells. HuT-78 cells were infected with virus stocks produced in the presence or

absence of exogenously expressed ZIN, and newly reverse-transcribed DNA levels in

the target HuT-78 cells were measured at 16 hr and 24 hr post-infection þi) using

Real Time PCR..

Equivalent amounts (10 ng of HIV p24) of each of 4 virus stocks produced from

293T cells co-transfected with pNL4.3 and pFlag-ZIN, or pNL4.3 and pFlag, or

pNL4.3 (Lvú) and pFlag-ZIN, or pNL4.3 (Lvtfl and pFlag (see section 2.2.12) were

used. The pNL4.3 (Lvú) mutant was also used to determine whether the negative
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effect was dependent on the specific interaction between ZIN and Vif. Viral reverse

transcription was monitored using one primer pair to detect the early strong-stop HIV

DNA and another primer pair to detect later viral DNA spanning the U5/Gag region.

To avoid secondary infection by progeny virus, cells were harvested for viral DNA

analysis within the first 24 hr of infection. At 16 hr pi and 24 hr pi there was

approximately 50Yo less early strong-stop HIV DNA (Figure 4.8 A) in cells infected

with HIV wild-type virus produced in the presence of co-transfected pFlag-ZIN,

when compared with DNA synthesis in cells infected with HIV produced in the

presence of control pFlag (Figure 4.S B). There was no difference, however, when

HIV DNA levels were compared in cells infected with Vif defective HIV NL4.3

(Lvú) produced in the presence or absence of co-expressed ZIN (Figure 4.8 C&D).

These results indicate that ZIN expressed in virus producing cells interferes with a

step(s) prior to or including HIV reverse transcription in the newly infected target

cells. Since this occurred with wild-type but not with Àvfivirus, this result suggests

that ZIN in virus producing cells mediates its inhibitory effect on progeny virus by

some form of interaction with Vif.

4.5.4 Discussion

Infection experiments in HuT-78 cells demonstrated that exogenously expressed ZIN

could cause a decrease of in the infectivity of progeny virus relative to p24level. In

contrast, expression of Flag, or two other exogenously expressed proteins GFP and

Triad 3au included in preliminary experiment (details not shown), did not have any

effect on the viral infectivity/replication, suggesting that the action of ZIN was not a

non-specific result of the transfection process, and required the full length functional

protein.
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Figure 4.8 Virus produced in cells over-expressing ZIN has impaìred
reverse trønscríption in newly infecled cells.

Levels of HIV-I strong-stop DNA (A and C) and IJSlGag DNA (B and D) in 106

HUT-78 cells infected with 10 ng p24 of HIV virus stocks, 16 hr and 24 hr post

infection. Virus stocks were produced from 293T co-transfected with pNL4.3 and

pFlag or pFIag-ZIN (A and B), or PNL4.3 (avif) and pFlag or pFlag-zlN (c and D).

Viral DNA synthesis was quantified by real-time PCR. DNA copy number values

represent the average of four PCR measurements from duplicate infected wells. Error

bars represent the standard deviation of triplicate samples'
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Real Time PCR analysis indicated that this action of ZIN operated before or at the

stage of reverse transcription in infected target cells and required the presence of Vif.

Vif has been shown to be important for the effrcient reverse transcription of HIV in

target cells by affecting the late stages including assembly and packaging in producer

cell (Bishop etal.,2004a, Bishop et al., 2004b). HIV-1 completes these late steps in

the cytoplasm of the producer cells. Confocal analysis showed ZIN had obvious co-

localisation with Vif in the nuclei of 293T cells co-transfected with pMyc-Vif and

pFlag-ZIN, while ZIN localised mainly at the cell membrane and cytoplasm in293T

cells co-transfected with pFlag-ZIN and control plasmid pMyc. Nuclear oo-

localisation of ZIN and Vif may reflect a change in intracellular distribution of this

ZIN, leading to more efficient virus replication by means to be clarified

Real Time PCR showed that at 16 hr pi and 24pi there \ryas an approximately 50Yo

decrease in early strong-stop HIV DNA, and gag region DNA levels (Figure 4.8) in

cells infected with HIV-1 virus produced in the presence of co-transfected pFlag-ZIN

compared with control þFtag vector alone). These results are clearly consistent with

the decrease in viral infectivity measured using the HeLa-CD4-B-gal indicator cells

(Figure 4.7). FurtheÍnore the DNA synthesis data indicate that ZIN expressed in

virus producing cells affects a step prior to or including reverse transcription.

Although the size of the effect was small, it was a consistent hnding in three separate

experiments (section 4.5.3), and could result in a significant effect on virus

multiplication when amplified over a series of viral replication cycles,
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Chapter 5

Vif Site-Directed Mutagenesis

5.1 Introduction

As described in section 2,2.16, Alexander et al. isolated HIV-I strain AY064706

from a HIV positive daughter and mother who had maintained consistently low

plasma levels of human immunodeficiency virus type 1 RNA, as well as normal and

stable levels of CD4+ T-cells for at least 15 years (Alexander et al., 2002). To map

the determinant of the poor growth of the patients' isolates, the authors performed

sequence analysis of the LTR and Vif regions of the isolates and compared them to

complete clade B consensus sequences. A two-amino-acid insertion mutation

(aspartic acid and serine, DS) in Vif was proposed to be essential for the poor HIV-I

replication. To test this hypothesis, the authors demonstrated that recombinant HIV-

1, engineered with Vif sequences from the daughter, replicated in PBMC to levels

approximately 2O-fold lower than that of wild type. In addition, removal of the

insertion mutation from this recombinant restored replication efficiency to wild-type

levels, while introduction of the insertion mutation into wild-type Vif sequences

resulted in greatly decreased replication. These results suggested that the two-amino-

acid (DS) insertion mutation in the Vif gene was essential for the low viral load

phenotype. In the same study, Vif protein with a DS insertion mutation displayed an

electrophoretic migration pattern of two abundant bands lower than 18 Kd ladder

band that were distinct from that of wild-type Vif protein (23 Kd) protein, suggesting

an aberrant polypeptide cleavage caused by the mutation. It was proposed that this
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rnutation might lead to a low viral load by interfering with the ability of Vif protein

to inhibit a putative viral inhibitor factor (Alexander et al., 2002).

Since one of the clones isolated from the human leukocyte cDNA library using the

yeast- 2- hybrid system 3 (Lake eta1.,2003), might represent such an inhibitor, an

investigation was done whether the two-amino-acid DS mutation led to suppression

of the interaction between Vif and either of the clones. If so, this could provide a

mechanism for the lower replication capacity of the virions. This work was

performed before the effect of ZIN on HIV-I replication and infectivity was

identif,red (Chapter 4). This section of the thesis describes the preparation of the DS

mutant.

5.2 Experimental principle

To create the Vif DS mutant, the overlap insertion PCR technique was used (Figure

5.1). Two rounds of PCR and four primers (represented by arrows indicating

direction of priming) were used. (1) Primer B and Primer C were designed with a

long 5' extension, to ensure they: i) bound to the template at either side of the

intended splice site; ii) introduced site directed mutations (represented by 'ß'ß:&:r'{('ß)'

and iii) were complementary to each other (represented by shading scheme). The first

round PCR used the template and primers A and B in one tube and the template and

primers C and D in a second tube producing PCR products AB and CD respectively

(2). Both PCR products incorporated the desired mutation, and were complementary

at one end. The second round PCR required both first round PCR products AB and

CD, and the flanking primers A and D. After the first denaturation step, product AB

can bind to the complementary region in product CD, and prime DNA synthesis (3).
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Figure 5.1 Overlup Insertion PCR Technique.

The Vif DS mutant oDNA was constructed by amplifying two oDNA products AB

and CD (see Fig.5.2). AB was amplified using primer A, specific for the 5' terminus

of Vif sequence containing an introduced Ecokl site, and primer B specific for a

sequence within the Vif ORF and also encoding a 6 base TACTAT sequence

insertion. CD was amplified using primer C, specific for a sequence within the Vif

ORF and encoding a 6 base ATAGTA sequence insertion and primer D specific for

the 3' terminus of Vif sequence containing an introduc ed SalI site (described in table

2.1). The second PCR was performed using mixed products AB and CD as templates

and primers A and D described above.
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In subsequent cycles, flanking primers (Primer A and Primer D) were used to prime

DNA synthesis (D).

5.3 Result and discussion

As described in section 2.2.16, using a conventional PCR technique, two PCR

products were amplified from the first round, which were around 200 bps and 400

bps respectively (Figure 5.2). In the second round PCR, a fragment of 582 bps was

produced (Figure 5.3). Since primers A and D contained EcoRI and SalI enzyme

digestion sites respectively, this product was subjected a double digestion with

enzymes EcoRI and SalI and subcloned into vector pCMV-Myc vector. Sequence

analysis showed it was identical to the sequence of NL4.3 vif except for the intended

6- base pair insertion at position 185-190 (following to the NL4.3 vif sequence

numbering convention; Figure 5.4). This 6 extra base pair insertion corresponded to

the introduction of amino acid insertion at position 62 and 63 but also unavoidably

led to a threonine to alanine substitution at amino acid position 64 as described by

Alexander et at. (Figtxe 5.5). This substitution in Vif was not shown any importance

to the poor replication (Alexander et al., 2002)"

We previously reported that NVBP represented a candidate for a Vif related inhibitor

of HIV replication because it was present only in non-permissive cells and interacted

with Vif in yeast AH109 strain (Lake eI a1^, 2003). However, data in this thesis

showed NVBP did not interact significantly with wild type HIV-I Vif in the human

cells tested (discussed in section 3.3). Therefore, it was decided not to do further

research on the interaction between NVBP and the Vif DS mutant. ZIN was shown to

interact with HIV-I Vif in human cells (Chapter 4); however, as it is present in both
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Figure 5.2 ViÍ DS PCR ømpliftcøtion 1

Lane l: the upstream region of Vif DS (AB) amplified by primers Vif DS A and Vif

DS B (listed in table 2.1)

Lane 2: the downstream region of Vif DS (CD) amplified by primers Vif DS C and

Vif DS D (listed intable2.l)
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Figure 5.3 ViÍ DS PCR amplilication 2

The arrow indicates the Vif DS fragment, amplified by using primers A and D and the

products AB and CD as template (Fig.5.2).
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Figure 5.4 Nucleotide sequence comparison of ViÍDS and NL4.3 ViÍ

Vif DS sequence analysis was performed using BioEdit program. NL4.3 Vif sequence

was adapted from GenBankrM. The dots indicate the nucleotides of Vif DS identical

to NL4.3 Vif. Six additional nucleotides were inserted from position 185 of NL4.3

Vif. The Vif DS sequence was the same as the clone AY064706 reported by

Alexander et al.
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Figure 5.5 Deduced umino acid sequence ølignment of Vif DS and
NL4.s ViÍ

Two additional amino acids DS were confirmed to be inserted from position 62 of

NL4.3 Vif amino acid. The six base pair insertion interfered with the original

translation frame leading to an adjacent amino acid Threonine (T) to Alanine (A)

substitution which was not shown any importance to poor replication of HIV in

Alexander's study. Dots showed the amino acids of Vif DS that were identical to

Nr/.3 Vif.
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non-pennissive and permissive cells (Chen et al., 2002), it is unlikely to be the major

factor governing non-permissiveness. Later, Real Time PCR analysis showed that

exogenously expressed ZIN decreased the production of HIV-I RT product by only

approximately 50Yo in the presence of Vif; in contrast, the Vif DS HIV-1 mutant was

reported to replicate in PBMC to levels approximately 20-fold lower than wild-type

virion (Alexander et al., 2002). This suggested the association between ZIN and Vif

(or DS mutant) is not suffrcient to fully explain the mechanism of Vif function, and

therefore further study on ZIN and the Vif DS mutant was not performed. However,

more recent research showed that Vif is needed to overcome a cellular inhibitor

(CEMI5/APOBEC3G) present in non-permissive cells (discussed in Chapter 6). It

would be interesting to examine the relation of CEM15/APOBEC3G to this Vif DS

mutant. Vif protein cleavage resulting from the DS insertion may damage its activity

to overcome CEMIS/APOBEC3G. The DS mutant prepared above would be

available for further research in this area, but because of time constraint this was not

pursed in this study.
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Cha ter 6

General discussion and future work

6.L Discussion

The vif gene of human immunodeficiency virus type 1 (HIV-l) is highly conserved

among lentiviruses (Oberste & Gonda, 1992) and encodes a highly basic 23 kDa

protein. Using fractionation of acutely infected T cells or transiently transfected

HeLa cells Karczewski et al. demonstrated the presence of Vif in a soluble and a

cytoskeletal form, and to a lesser extent in a detergent-extractable form (Karczewski

& Strebel, 1996). Indirect immunofluorescence staining demonstrated Vif in a

diffuse cytoplasmic distribution mostly not in association with the Golgi complex

(Guy et al., l99l). Subcellular fractionation of transfected COS cells and HIV-I-

infected Jurkat and CEM cells demonstrated that Vif existed in the cytoplasm in both

a soluble cytosolic form and membrane-associated form (Goncalves et a1.,1994). In

contrast, immunofluorescence staining of cells infected with FIV-34TF10 and fixed

with formaldehyde showed that Vif protein was typically localised in the nucleus

(Chatterji et al., 2000). Consistent with Goncalves et al's result, in this study,

confocal microscopy of 293T cells transfected with plasmid Myc-Vif indicated Vif

was distributed in both the cytoplasm and nuclei in the absence of overexpressed

ZIN

Vif protein is not essential for HIV-I replication in permissive cells, such as Hela-

CD4,293T cells, or in semipermissive cells such as SupTl (Gabuzda et al., 1992,

Sakai et al., 1993b). However, Vif is required for productive infection of non-
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permissive cells that are natural targets for infection in vivo, including CD4-positive

T lymphocytes and macrophages, and the H9 T-lymphoblastoid cell line (Blanc et

a1^, 1993, Gabuzda et al., 1992, von Schwedler et al., 1993). This cell specificity in

Vif requirement led to proposals that (1) permissive cells may contain a cellular

protein that functions like Vif, thereby enabling active replication of vif deficient

HIV-1 (Trono, 1995, Volsky et al., 1995) or alternatively, (2) nonpermissive cells

may contain an inhibitor of HIV-I replication that is counteracted by Vif. To test

these distinct hypotheses, Simon et al and Madani et al fused permissive with non-

permissive cells and demonstrated that the restrictive phenotype of non-permissive

cells was dominant over the permissive phenotype (Simon et al., 1998a; Madani &

Kabat, 1998). These findings suggested that nonpermissive cells contain an activity

inhibiting HIV-1 replication which is counteracted by Vif.

The most likely candidate for such an inhibitor of HIV-I replication in non-

permissive cells is the recently described APOBEC3G, also known as CEM 15

(Sheehy et al., 2002). APOBEC3G is a cytidine deaminase, which induces C to U

changes in viral minus strand DNA during reverse transcription. Vif defective virus

produced in the presence of APOBEC3G was found to be non-infectious or reduced

in infectivity in non-permissive target cells, depending on the varying doses of

pAPOBEC3G co-transfected together with either wild-type or lvif provirus

expression plasmids within producer cells. The major defect identified was a high

frequency of G to A substitution in the viral DNA synthesised in newly infected

target cells (Harris et al., 2003, Lecossier et al., 2003, Mangeat et al., 2003, Sheehy

et al., 2002, Zhang et al, 2003). Klarmann showed that a high frequency of

nucleotide changes might make the viral DNA susceptible to excision by host DNA-
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repair enzymes, thereby impairing plus-strand DNA synthesis (Klarmann et al.,

2003). Vif acts to suppress this inhibitory effect of APOBEC3G in non-permissive

cells, by inducing degradation of APOBEC3G (Lecossier et a1.,2003, Mangeat et al.,

2003, Sheehy et al., 2003) and by preventing it from being packaged into virions

(Mariani et aL, 2003, Sheehy et al., 2002, Zhang et al., 2003). Vif has also been

shown to interact with cellular proteins Cul5, Elongins B and C, and Rbxl to form a

Skpl-Cullin-F-box (SCF)-like complex. The ability of Vif to suppress the antiviral

activity of APOBEC3G was specif,rcally dependent on Cul5-SCF function, as shown

by the faet that a Vif mutant that interacted with APOBEC3G but not with Cul5-SCF

was functionally inactive. Thus, it is believed that Vif interacts both with

APOBEC3G and Cul5-SCF to induce ubiquitination and degradation of APOBEC3G

(Yu et a1.,2003). In addition to binding APOBEC3G, Vif has been associated with a

number of other activities, such as binding viral RNA (Zhang et al., 2000a) and NC

(Huvent, L et ql 1998), and has also been shown to affect the stability of the viral

nucleoprotein core (Hoglund et al., 1994, Ohagen & Gabuzda, 2000, Simon &

Malim, 1996). Despite earlier controversial reports, recent evidence suggests that Vif

is incorporated into virions (Kao et a1.,2003a, Khan et a1.,2001, Liu et al., 1995a).

These properties of Vif suggest it may have other functions independent of

APOBEC3G. Indeed a number of cellular factors have been shown to interact with

Vif in mammalian cells. These include tyrosine kinase HcK (Hassaine et a1.,2001),

an ATP-binding protein HP68 (Zimmerman et a1., 2002), and lymphocyte-specif,rc

nuclear body protein Sp140 (Madani et a1.,2002).

Prior to the work of this thesis, eight clones from a human leucocyte cDNA library

had been shown to interact with Vif in the yeast 2 hybrid system 3 and had been
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isolated (Lake et a1.,2003). In the present study, the interactions between Vif and

two of these clones - a partial clone of Triad 3 named Triad 3au, and NVBP were

examined in more detail. In co-immunoprecipitation experiments, Triad 3au was

shown to interact with HIV-I Vif in co-transfected 293T cells; in contrast, the

possible interaction between HIV-I Vif and NVBP suggested from the yeast -2-

hybrid experiments was found not to occur in co-transfected 293T cells. Confocal

microscopy of co-transfected 293T cells demonstrated that co-localisation of Triad

3au and Vif occurred mainly in the cytoplasm and cellular membrane and co-

localisation could not be detected in cell nuclei. Triad 3au mRNA was detected in

both permissive and non-permissive human cell types by Northern blot, as 3 kb and 6

kb transcripts similar in size to that described for ZIN specific RNA by Chen et al

(Chen et a1.,2002). However, whether the 488 amino acid, ZIN protein is encoded

from the 3 kb or 6 kb transcripts is unclear, since both RNA species contain the

entire ZIN open reading frame. The presence of Triad 3au specihc RNA in both non-

permissive and permissive cells would also suggest that ZIN alone is not a

determinant of non-permissiveness as has been suggested for APOBEC3G.

The amino acid sequence deduced from the Triad 3au oDNA clone nucleotide

sequence was part of a hypothetical protein containing novel ring-finger motifs,

called Triad 3 (van der Reijden et al., 1999). Triad 3au was found to share exact

homology with the central domain of Triad 3 containing four ring-like domains, and

with more recently identif,red functional protein, zinc finger protein inhibiting NF-

frB, or ZIN (GenBankrM accession number NP_061884). As described in section

4.1, in TNF-a stimulated human embryonic kidney 293 cells that are over-expressing

ZIN, ZIN inhibits NF-KB activation by interfering with the induced signal
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transduction pathway through its interaction with the TNF-c receptor adaptor

protein, R.IP. This interaction is also associated with RIP- and TNF-induced

apoptosis in these same cells (Chen et al., 2002).

To further characterise ZIN activity, total RNA was extracted from the 43.01 cells,

and ZIN oDNA was synthesized by RT PCR using ZIN oDNA specific 5' and 3'

terminal primers based on published sequence (Chen et al., 2002), and was cloned

into the protein expression plasmid pCMV-3Flag. ZIN protein was expressed in

transfected 293T cells, and a GST-Vif fusion protein was produced in E.coli BL2I

cells. ZIN was then shown to interact with purified Vif protein in vitro using a pull-

down assay, suggesting a direct interaction between ZIN and Vif. Consistent with

this result, co-immunoprecipitation experiments performed on lysates of 293T cells

co-transfected with pMyc-Vif and pFlag-ZIN indicated a clear interaction between

Vif and ZIN in these cells.

The f,rnding that both ZIN and the shortened form of the protein Triad 3au interacted

with Vif suggest that the central portion of ZIN, encoded by Triad 3au and

containing all 4 RLDs, contain motifs involved in Vif binding. In transfected cells

expressing ZIN alone, ZIN localised mainly in cytoplasm (Figure 4.5 A), consistent

with the previous report by Chen et al. that natural ZIN expression occurred in

cytoplasm. Meanwhile, Vif protein was detected in both cytoplasm and nuclei of in

transfected cells expressing Vif alone in this study and other studies (Figure 3.12 A,

B) (Chatterji et al., 2000, Goncalves et a1.,1994, Goncalves et aI.,1995, Simon et al.,

1997).In co-transfected cells expressing ZIN and Vif, ZIN became co-localized with

Vif in cell nuclei. This suggests that the interaction between ZIN and Vif resulted in
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a relocalisation of ZIN, which may be involved in a biological effect on viral

infectivity or replication of HIV-1 during infection.

To determine if the interaction between Vif and ZIN had any effect on HIV-I

replication, the infectivity of virus produced from cells with and without exogenous

ZIN was studied, relative to the concentration of p24 protein as a marker of total

virion production. This study demonstrated that virus replication, as indicatedby p24

levels in infected cell culture supematants, proceeded at a similar rate whether or not

exogenous ZIN was expressed in the producer cells. ZIN is a component of the TNF

receptor mediated signal transduction pathway involved in inhibiting NF-ÉB activity

in TNFo stimulated cells. Importantly NF-/rB is critical to many aspects of cellular

transcription, including transcription from the HIV-I LTR promoter. Despite this,

the above result indicated that HIV-I transcription proceeded normally in cells

expressing exogenous ZIN, hence suggesting NF-KB activity was not affected by

ZIN overexpression. In contrast, virus produced from cells expressing exogenous

ZIN showed a lower TCIDso than virus produced without ZIN. To examine this

further, virus DNA replication in target cells was also analysed.

Firstly, using HeLa-CD4-LTR-p-gal as reporter cells, exogenous ZIN expression in

virus producer cells was shown to reduce the infectivity of wild type virus by a factor

of 2 but not the infectivity of Vif defective virus, indicating that this effect of ZIN

was dependent on the presence of Vif. Moreover, since activation of HeLa-CD4-

LTR-p-gal reporter cells depends on successful virus entry and completion of reverse

transcription and integration by infecting virus, this finding suggested that the

reduction in infectivity of wild type virus produced in ZIN expressing cells occurred
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during these early steps of HIV replication. Next, it was shown that levels of newly

reverse transcribed viral DNA were reduced 2-fold in HuT-78 targel cells infected

with virus produced in cells expressing co-transfected ZIN, compared with the virus

produced in the absence of ZIN. Again, this reduction was shown to depend on Vif

expression in virus producer cells. Since the producer cells 293T were demonstrated

not to contain APOBEC3G using Northern blotting (Sheehy et al., 2002), this

reduction in virus infectivity is unlikely to be related to the inhibitor APOBEC3G. In

contrast, exogenous expression of Triad 3au in virus producer cells had no effect on

viral infectivity (discussed in section 4.5.4). This would suggest that interaction

between Vif and Triad 3au or the central portion of ZIN alone is not sufficient to

affect virus infectivity, and that other functional domains of ZIN present in the N-

terminal and or C-terminal proline-rich domains are required. For example, proline

rich domains have been shown to be important for the interaction with several cell

proteins (see section 4.4).ln the current study, in the presence of Vif the full length

ZIN protein showed a different cellular localisation (mainly in cell nuclei, see Figure

4.5 I) to that of Triad 3au (only in cytoplasm or cell membrane, see Figure 3.15 D)

possibly due to presence of the extra structure N-terminal and C-terminal domains

contained in the full ZIN protein. This may be a factor contributing the functional

difference between Triad 3au and ZIN (see section 4.4).

Taken together, our results show that an interaction between ZIN and Vif in virus

producer cells leads to reduced HIV replication in newly infected target cells, and

this interference can not be interpreted by the known mechanism involving

APOBEC3G inhibition of viral DNA synthesis. Therefore the inhibitory effect that

ZIN mediates through its interaction with Vif implies that Vif has additional roles on
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HIV infectivity. Such functions of Vif may act in the late stages of viral replicatron tn

the virus producer cells, but be manifested in the early steps of viral replication in

target cells.

Vif has been shown to have other possible roles. Vif is synthesised in the late stage

of HIV-I replication by a process that is dependent on the Rev regulatory protein

(Garrett et al.,1991, Schwartz et al., 1991). Vif has been shown to interact with viral

RNA and NC proteins at this late stage of replication during virus assembly, and also

to be incorporated into virions (Khan et al., 200I, Ohagen &. Gabuzda, 2000).

Dettenhofe r et al demonstrated that Vif enhanced the annealing of tRNA3Lv' to viral

genomic RNA, a necessary step for efficient initiation of reverse transcription

(Dettenhofer et aL, 2000). These workers also suggested that the initial point of

contact between Vif and genomic RNA might take place in the nucleus where Vif

has been shown to localize (Chatterji et al., 2000, Goncalves et al., 1995, Simon et

â1., 1997) before becoming associated with Gag assembly complexes in the

cytoplasm. It has also been reported that deletion from Vif of the SLQYL motif,

which is identical to a motif in the double-stranded RNA binding protein XlrbpA

from X.laeurs, resulted in severe impairment or complete abolition of Vif function

(Dettenhofer et al., 2000, Khan et al., 2002). Zhang et al. demonstrated that Vif

mutants that lose the RNA binding activity in vitro did not support vif-deficient HIV-

1 replication in H9 T cells, suggesting that the RNA binding capacity of Vif is

important for its function (Zhang et al., 2000a). Thus, Vif has other potential

biologically relevant functions including its interaction with genomic RNA, its role

in primer tRNA binding, its interaction with viral Gag proteins during virus

assembly, and its role in maintaining the stability of the virus core (Ohagen &
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Gabuzda, 2000). One or more of these functions might be affected by the interaction

with ZIN

trn addition, Vif has been shown to function within virions to regulate virus

infectivity. In virions Vif is proteolytically cleaved and this process was shown to be

important for virus infectivity, but only at proper levels of Vif expression (Akari et

a1.,2004, Khan et al., 2002). Akari et al found that when Vif was expressed at low

levels in non-permissive H9 cells, it increased virus infectivity in a dose-dependent

manner. Surprisingly, however, the range of Vif required for optimal virus infectivity

was narrow, and further increases in Vif severely reduced viral infectivity. Inhibition

of viral infectivity at higher levels of Vif was cell type-independent and was

associated with an accumulation of Gag-processing intermediates (Akari et al.,

2004). More recently Vif has also been found in reverse transcription complexes in

infected cells (Carr et al, submitted). Thus, overexpression of ZIN in these

experimental settings may compete and interfere with any of the above functions of

Vil which would be consistent with the reduced reverse transcription observed

following HIV infection. The effects of ZIN on Vif function may therefore occur

during virus assembly, maturation or egress, eg by binding Vif and blocking Vif

from associating with NC or RNA, leading to production of virus with reduced

infectivity. Alternatively, ZIN may be packaged and either inhibit Vif function

within the virion or modify the levels of Vif packaged in virions.

Interestingly, apaft from the well-characterised function of ZIN in regulating NFKB

activity in TNF-o stimulated cells (Chen et al., 2002), ZIN has also been shown to

share sequence homology with E3 ubiquitin ligases (eg. AY177398). Several
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proteins with the TRIAD domain have E3 ligase activity, including Parkin, the

double ring finger protein (Dorfin), and the human homologue of drosophila ariadne

(ARIHI, also known as HHARI) (Chung et al., 2001, Moynihan et al., 1999,

Shimura et al., 2001, Zhang et al., 2000b). Thus, it is possible that ZIN might

function as an E3 ligase. Ubiquitination is a posttranslational protein modification

that requires ATP and three different proteins, ubiquitin activation enzyme (El),

ubiquitin conjugating enzyme (E2), and ubiquitin ligase (E3). Free ubiquitin is

recruited to El and transferred to 82. E2 ubiquitin conjugases bind to Ring finger

domains on a multitude of E3 ligases. E3 ligases specify protein targets by recruiting

cellular proteins, through specific adapter domains, and by recruiting E2 conjugases

that direct their ubiquitination" Polyubiquitinated target proteins are recognized by

the 265 proteasome, which unfolds and degrades the targeted protein (Ben-Neriah,

2002, Geimonen et dI., 2003, Haas &, Siepmann, 1997). Alternatively

monoubiquitination of target proteins often confers a regulatory ot functional role in

the target proteins. ZIN therefore may act as an ubiquitin-protein ligase or as part of

a complex that may be involved in regulating Vif function or cellular tumover.

Recently, Chuang and Ulevitch have identified a cellular protein, termed "Triad 34",

that is identical to ZIN except for a 378 amino acids N-terminal sequence extension.

Triad 3A was shown to possess an E3 ubiquitin-protein ligase activity, and enhanced

ubiquitination and proteolytic degradation of selected Toll-like receptor target

proteins (Chuang & Ulevitch, 2004). Whether ZIN also possesses E3 ubiquitin

activity and involves in Vif ubiquitination and degradation is currently under

investigation in our laboratory.
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In conclusion, this work has identihed and characterised an interaction between HIV-

I Vif and a cellular protein, ZIN. Furtherlnore it has been demonstrated that

overexpression of ZIN in HIV producer cells results in production of virus with

reduced infectivity. In contrast to APOBEC3G, an inhibitor of HIV replication

expressed exclusively in non-permissive cells, ZIN suppresses virus infectivity in a

Vif dependent manner and is expressed in both non-permissive cell and permissive

cell types. A greater understanding of normal ZIN function and its interaction with

Vif will aid in uncovering further details of Vif function.

6.2 Future work

HIV-I Vif is required during the last stages of virus production for the suppression of

an innate antiviral activity of CEM15/APOBEC3G in human T lymphocytes. In this

study, the cellular factor ZIN has also been shown to interact with HIV-I Vif, and

overexpression of ZIN suppressed the infectivity of newly synthesised virus. Single-

cycle viral infectivity assay showed that the effect of ZIN on viral infectivity was

dependent on the interaction between Vif and ZIN (section 4.5.2.). However, the

exact molecular mechanism of this effect remains to be elucidated. HIV-I virions

contain 10-100 molecules of Vif per virion (Camaur & Trono, 1996, Fouchier et al.,

1996, Liu et al., 1995b). Whether ZIN influences Vif incorporation or whether ZIN

itself is packaged into virions by virtue of its interaction with Vif is unclear. Future

studies should determine whether levels of Vif in the virions are affected by ZIN

expression in the producer cell, and whether ZIN is present in virions. To determine

the extent of virion incorporation of Vif and ZIN, wild type and Avif virions could be

produced in 293T cells in the presence or absence of overexpressed ZIN. Purified

virus would then be analysed by western blot for Vif and ZIN protein, and
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normalized for viral protein by p24 protein detection. This result would clarify

whether ZIN is incorporated in virions and whether such incorporation requires

functional Vif. This would help clarify whether ZIN functions in the virus producer

cell, within the virion, or within newly infected cells.

A larger cellular protein Triad 3A that contains the complete ZIN sequence was

recently reported to act as an E3 ubiquitin ligase (discussed above), ZIN (in frame)

shares 99%o nucLeotide sequence homology to Triad 3A suggesting that ZIN may

share this function. To examine whether ZIN has E3 ubiquitin ligase function

involved in Vif ubiquitination, further experiments should be performed using

ubiquitin specific antibody. Initially, experiments could be done singly transfecting

ZIN or co-expressing ZIN with a plasmid expressing HA-tagged ubiquitin to

determine whether ZIN autoubiquitinates using ubiquitin or HA specific antibody for

western blotting as autoubiquitination is a common feature of E3 ubiquitin ligases.

Additionally, Myc-tagged Vif could be expressed together with or without HA-

ubiquitin in the presence or absence of Flag-tagged ZIN, and the extent of ZIN-

dependent Vif ubiquitination could indicate whether ZIN enhances ubiquitination of

Vif. This could be tested using a co-immunoprecipitation approach similar to that

described in this thesis. Since endogenous ZIN may also be involved in Vif

ubiqutination, the extent of Vif ubiquitination with or without overexpressed ZIN

should be compared. If Vif is ubiqutinated in the presence of overexpressed ZIN to a

greater extent than that seen without overexpressed ZIN, this result could suggest

ZIN may have the function of E3 ubiquitination ligase"
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Finally, since the data in this study were mostly based on protein overexpression, the

physiological role of ZIN needs to be elucidated by experiments involving the

endogenous ZIN protein, with or without gene knockout studies. For this pu{pose, a

ZIN specific antibody has been raised in rabbits. Future work should investigate

firstly whether endogenous ZIN interacts with Vif during HIV-I infection using the

approach taken in this thesis. Secondly, U937 cells were found to be naturally

depleted in ZIN in our laboratory, but this result has not been confirmed. Other

possible cells which are naturally depleted in ZIN have not been reported. Therefore,

to investigate the functions of endogenous ZIN, a siRNA approach should be

developed to knock out endogenous ZIN and investigate the effect on HIV protein

expression and virion production. This work will be valuable in defining the extent to

which interaction between ZIN and Vif plays a nature role in HIV infection.

This study clearly demonstrated an interaction between HIV-I Vif and ZIN. The

consequence of the interaction between Vif and ZIN when over-expressed in

producer cells, was a defect in the infectivity of progeny virus. These virus particles

showed reduced reverse transcription in target cells, indicating a defect at some stage

of replication prior to or including this step. This effect is established in the producer

cells, and may involve viral genome packaging or virus core stability and may or

may not be related to the normal action of Vif. Whatever the mechanism of ZIN

mediated effects on virus infectivity, this may provide a suitable target for future

drug development. For example, a drug could be designed to upregulate endogenous

ZIN expression. Endogenous ZIN protein might directly decrease viral infectivity by

its interaction with Vif, in the same way that overexpressed ZIN does. In further

work, studies to determine the exact binding sites between ZIN and Vif could allow a
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ZIN-like protein analogue to be designed, which when delivered to infected cells

might affect Vif function in infected cells. These may be particularly relevant in non-

permissive cell types including primary T lymphocytes and macrophages, the natural

targets of HIV-I infection in vivo. Neutralisation of Vif by a upregulated ZIN or

ZIN-like analogue might prevent Vifls interaction with APOBEC3G, a natural

cellular inhibitor of HIV-I infection expressed in these cells, and hence boost the

natural innate immunity of the host to HIV-1 infection.

Further knowledge about the interaction between the above molecules and their

regulatory effect on HIV replication is very likely to improve our range of

therapeutic interventions against HIV infection"
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